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		 v	Zusammenfassung		Auf	 der	 Mikroebene	 nutzen	 viele	 prokaryotische	 Mikroorganismen	 die	 Rotation	helikaler	 Filamente,	 sogenannter	 Flagellen,	 um	 sich	 fortzubewegen.	 Die	 Nachahmung	dieser	 hoch	 entwickelten	 Strukturen	 eröffnet	 einen	 vielversprechender	Ansatz	 für	 die	Konstruktion	 künstlich	 angetriebener	 Mikro-	 und	 Nanoroboter.	 Die	 Realisierung		künstlicher	 Flagellen	 bedarf	 einer	 Methode,	 welche	 die	 komplexe	 Proteinarchitektur	dieser	Filamente	möglichst	genau	imitieren	kann.	Neben	ihrer	Hauptfunktion	als	Träger	der	Erbinformation	hat	sich	die	Desoxyribonukleinsäure	(DNA)	in	den	letzten	Jahren	als	vielseitiger	 Baustein	 im	 Bereich	 der	 molekularen	 Selbstassemblierung	 etabliert.	 In	vorliegender	 Dissertation	werden	 auf	 DNA	 Selbstassemblierung	 beruhende	 Filamente	vorgestellt,	 welche	 als	 künstliche	 Flagellen	 für	 den	 Antrieb	 von	 Mikro-	 und	Nanoschwimmern	sorgen.		Mikrometer	 lange,	helikale	DNA	Nanotubes,	welche	 in	Form	und	Größe	bakteriellen	Flagellen	gleichen,	wurden	unter	Zuhilfenahme	des	 „DNA	 tile	assembly“	 realisiert.	Das	Einfügen	und/oder	Entfernen	von	Basenpaaren	ermöglichte	es	uns	die	helikale	Struktur	der	Nanotubes	auf	der	Nanoebene	zu	kontrollieren.	Nanotubes	mit	Mikrometer	großen	helikalen	 Durchmessern	 und	 definierter	 Chiralität	 wurden	 anhand	 einer	 neuartigen	Design	Technik,	dem	“tile	shifting”,	konstruiert.	Durch	 das	 Anbinden	 der	 helikalen	 Strukturen	 an	 magnetische	 Mikropartikel	konzipierten	 wir	 eine	 neue	 Klasse	 von	 biokompatiblen	 Mikroschwimmern.	 Diese	hybriden	Strukturen	 lassen	sich	durch	ein	externes	Magnetfeld	antreiben,	steuern	und	bewegen	sich	mittels	eines	Flagellenbündels,	ähnlich	wie	Bakterien,	fort.		Mithilfe	der	DNA	Origami	Technik	waren	wir	zudem	in	der	Lage,	DNA	Nanoflagellen	mit	definierter	Form	zu	konstruieren	und	an	magnetische	Nanopartikel	anzubinden.	Die	daraus	resultierenden	Nanoschwimmer	wurden	magnetisch	angeregt	und	zeigten	eine	leichte	 Erhöhung	 ihrer	 Diffusion	 gegenüber	 einer	 reinen	 Brownschen	Molekularbewegung.	 Eine	 solch	 erhöhte	 Diffusion	 kann	 für	 die	 Fortbewegung	 von	Nanorobotern	von	Vorteil	sein,	falls	eine	gerichtete	Bewegung	durch	thermische	Kräfte	verhindert	wird.	Abschließend	konstruierten	wir	einen	Prototyp	eines	sich	autonom	fortbewegenden	DNA-basierten	 Mikroschwimmers,	 indem	 wir	 den	 molekularen	 Motor	 F	–	ATPase	zwischen	 DNA	 Flagellum	 und	 Mikropartikel	 integrierten.	 Nach	 Bereitstellung	 des	Motortreibstoffes	 ATP	 lösten	 sich	 jedoch	 die	 künstlichen	 Flagellen	 von	 den	 Partikeln,	wodurch	ein	Antrieb	der	Schwimmer	verhindert	wurde.	Die	erfolgreiche	Anbindung	der	DNA	 Flagellen	 und	 die	 Aktivität	 der	 integrierten	 ATPase	 stellen	 dennoch	 wichtige	Schritte	für	die	Realisierung	autonomer	Mikroschwimmer	dar.		Die	 in	 dieser	 Dissertation	 gewonnen	 Erkenntnisse	 zeigen,	 dass	 DNA	 basierte	molekulare	 Selbstassemblierung	 ein	 ausgezeichnetes	 Instrument	 für	 die	 Konstruktion	von	 biokompatiblen	 künstlichen	 Filamenten	 ist,	 welche	 als	 Antriebsmechanismus	künftiger	Generationen	von	Mikro-	und	Nanorobotern	Verwendung	finden	können.			
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		 vii	Abstract		The	rotation	of	helically	shaped	filaments,	so-called	flagella,	is	one	major	strategy	used	by	many	motile	microorganisms	to	achieve	propulsion.	Mimicking	these	highly	evolved	structures	 can	 be	 a	 promising	 approach	 for	 the	 construction	 of	 artificially	 propelled	micro-	and	nanorobots.	Realizing	artificial	flagella,	however,	requires	a	technique,	which	can	 precisely	 copy	 the	 complex	 architecture	 of	 these	 protein	 filaments.	 Besides	 its	fundamental	 function	 as	 carrier	 of	 the	 genetic	 information,	 DNA	 has	 proven	 to	 be	 a	versatile	 building	 block	 in	 molecular	 self-assembly.	 In	 this	 dissertation,	 DNA-self	assembled	 filaments	 are	 presented,	 which	 function	 as	 artificial	 flagella	 for	 the	propulsion	of	micro-	and	nanoswimmers.	Micrometer-long	helically	 shaped	DNA	nanotubes,	which	 closely	 resemble	 bacterial	flagella,	 were	 constructed	 by	 applying	 the	 DNA	 tile	 assembly	 technique.	 Through	 the	insertion	and/or	deletion	of	base	pairs,	we	generated	bending	and	twisting	in	the	DNA	nanotubes,	which	allowed	us	to	control	the	tubes’	helical	shape	in	the	nanoscale	regime.	Nanotubes	with	microscale	helical	diameters	and	defined	chirality	were	constructed	by	introducing	a	new	design	technique,	the	so-called	tile	shifting.		 By	 coupling	 the	helical	 filaments	 to	magnetic	microparticles,	we	 constructed	a	new	class	 of	 fully	 biocompatible	 artificial	 microswimmers.	 The	 hybrid	 structures	 were	actuated	and	steered	by	an	external	magnetic	field	and	propelled	by	means	of	a	flagellar	bundle	similar	to	motile	bacteria.		The	DNA	origami	 technique	 further	 allowed	us	 to	 realize	nanometer-sized	artificial	DNA	 flagella	with	defined	 shape	 and	 to	 attach	 them	onto	magnetic	nanoparticles.	The	resulting	 nanoswimmers	 were	 actuated	 by	 a	 magnetic	 field	 and	 exhibited	 a	 slight	enhancement	 of	 their	 diffusivity,	 in	 comparison	 to	 a	mere	 Brownian	motion.	 Such	 an	enhanced	diffusion	can	be	of	advantage	 for	 the	 locomotion	of	nanorobots	 if	a	directed	motion	is	unfeasible	due	to	strong	thermal	forces.	Finally,	 we	 constructed	 a	 prototype	 of	 an	 autonomously	 propelling	 DNA-based	microswimmer	by	 incorporating	 the	molecular	motor	 F-ATPase	 between	DNA	 flagella	and	magnetic	microparticle.	Unfortunately,	we	observed	 a	detachment	 of	 the	 artificial	flagella	 upon	 addition	 of	 the	 “motor	 fuel”	 ATP,	 which	 inhibited	 the	 propulsion	 of	 the	swimmer.	 The	 successful	 coupling	 of	 the	 artificial	 flagella	 and	 the	 activity	 of	 the	incorporated	ATPase,	 nevertheless,	 constitute	 important	 steps	 towards	 the	 realization	of	autonomous	microswimmers.	The	 insights	 gained	 in	 this	 dissertation	 illustrate	 that	 DNA	 molecular	 self-assembly	is	an	excellent	tool	for	constructing	fully	biocompatible	artificial	flagella,	which	can	 provide	 future	 micro-	 and	 nanorobotic	 devices	 with	 an	 effective	 propulsion	mechanism.	
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1.	Introduction			 A	 friend	 of	 mine	 (Albert	 R.	 Hibbs)	 suggests	 a	 very	interesting	possibility	 for	relatively	small	machines.	He	says	that,	although	it	is	a	very	wild	idea,	it	would	be	 interesting	 in	 surgery	 if	 you	 could	 swallow	 the	surgeon.	You	put	the	mechanical	surgeon	inside	the	blood	 vessel	 and	 it	 goes	 into	 the	 heart	 and	 “looks”	around	(Of	course	the	information	has	to	be	fed	out.)	It	finds	out	which	valve	is	the	faulty	one	and	takes	a	little	 knife	 and	 slices	 it	 out.	 Other	 small	 machines	might	 be	 permanently	 incorporated	 in	 the	 body	 to	assist	some	inadequately-functioning	organ.	Richard	Feynman	(1959)	[1]			In	1959,	Richard	Feynman	gave	a	visionary	talk	that	became	a	defining	moment	in	the	field	of	nanotechnology.	In	his	talk	entitled	„	There’s	plenty	of	room	at	the	bottom“	[1],	he,	among	other	things,	touched	upon	the	idea	of	developing	miniaturized	machines	that	can	 travel	 inside	 the	 body	 and	perform	 surgery	 or	 assist	malfunctioning	 organs.	 Such	micro-	 or	 nanorobots	 have	 since	 that	 day	 been	 inspiring	 to	 mankind	 even	 beyond	scientific	disciplines.	A	famous	example	is	the	1966	movie	"Fantastic	Voyage",	where	a	surgical	 team	 travels	 through	 the	 bloodstream	of	 an	 injured	person	 in	 a	miniaturized	submarine	to	destroy	a	life-threatening	blood	clot.		Half	 a	 century	 later,	 nanotechnology	 has	 become	 a	 well-established	 research	 field	that	 attracts	 increasing	 research	 attention.	 Among	 many	 disciplines,	 it	 also	 includes	nanorobotics,	which	aims	at	bridging	the	gap	between	robotics	and	nanotechnology	[2].	In	 nanorobotics,	 a	 nanorobot	 is	 defined	 as	 an	 active	 structure,	 which	 consists	 of	nanometer-sized	 components	 and	 can	 perform	 tasks	 such	 as	 actuation,	 sensing,	manipulation,	 propulsion,	 signalling,	 information	 processing,	 intelligence,	 and	 swarm	behaviour	[3].	 Although	 currently	 realized	micro-	 and	 nanorobots	 are	 yet	 not	 able	 to	perform	 all	 these	 tasks	 at	 the	 same	 time	 and	 are	 still	 far	 away	 from	 the	 “mechanical	surgeons”	envisioned	by	Albert	R.	Hibbs,	the	realization	of	such	miniaturized	machines	is	 rapidly	 developing	 supported	 by	 the	 strong	 progress	 in	 nanofabrication	 and	microelectronics	[2,	4].		Of	 particular	 interest	 for	 such	 nanorobotic	 devices	 is	 a	 propulsion	mechanism	 that	works	 in	 a	 fluidic	 environment	where	most	 of	 the	 proposed	 applications	 are	 located.	Unfortunately,	 traversing	 through	 micro-	 and	 nanofluidic	 environments	 is	fundamentally	 different	 from	 what	 "macroscopic	 beings"	 experience	 when	 moving	through	fluid,	and	requires	special	strategies	[5].	As	is	often	the	case,	nature	can	serve	as	an	inspiring	source.		 	
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1.1	Nature’s	microswimmers		In	 diverse	 disciplines	 ranging	 from	 natural	 sciences	 over	 engineering	 to	 architecture,	nature	has	served	as	a	blueprint	for	constructing	advanced	materials	and	strategies	[6].	In	searching	for	an	appropriate	mode	of	locomotion	for	micro-	and	nanoscopic	devices,	drawing	from	those	modes	developed	by	nature’s	microorganisms	is	a	logical	choice.		At	the	microscale,	many	microorganisms	need	to	be	motile	in	order	to	perform	a	wide	spectrum	 of	 activities,	 such	 as	 searching	 for	 food,	 orienting	 themselves	 toward	 light,	spreading	 their	offspring,	and	 forming	colonies	[7].	They	achieve	 these	 tasks	by	either	crawling	 or	 gliding	 along	 surfaces	[8],	 by	 polymerizing	 their	 protrusions	[9]	 or	 by	swimming	[10,	 11].	 Within	 these	 different	 strategies,	 swimming	 is	 particularly	promising	 as	 it	 brings	 the	 advantage	 of	 high	 velocity,	 efficiency,	 specificity,	controllability,	 and	 simple	 propagation.	 In	 order	 to	 propel	 through	 the	 liquid	environment,	 microorganisms,	 including	 many	 bacteria	 and	 eukaryotic	 cells,	 have	grown	 one	 or	 many	 appendages	 that	 protrude	 from	 the	 surface	 of	 their	 cell	 bodies.	Depending	 on	 their	 composition	 and	 beating	 pattern,	 these	 protrusions	 are	 usually	subdivided	into	three	categories:	the	prokaryotic	flagellum,	the	eukaryotic	flagellum	and	the	cilium.		
	
Figure	 1.1:	 Schematic	 of	 prokaryotic	 flagellum	 and	 eukaryotic	 cilium.	 (a)	 Prokaryotic	
flagellum	and	 (b)	eukaryotic	 cilium	as	 found	 in	many	motile	prokaryotic	and	eukaryotic	
microorganisms.	 These	 images	 have	 been	 obtained	 from	 the	 Wikipedia	 websites	
http://en.wikipedia.org/wiki/Flagellum	 and	 http://en.wikipedia.org/wiki/Cilium	
respectively,	 where	 they	 are	 stated	 to	 have	 been	 released	 into	 the	 public	 domain	 by	 its	
author.			The	 prokaryotic	 flagellum	 assembles	 from	 the	 protein	 flagellin	 into	 a	 helical	 hollow	cylinder	[12].	 It	 is	 several	nanometres	 thick	with	 a	 sharp	 curvature	 close	 to	 the	outer	membrane	called	the	"hook"	as	illustrated	in	Figure	1.1a.	The	bacterial	flagellar	motor	is	located	at	 the	 inner	cell	membrane	[13]	connecting	 the	 flagellum	to	 the	cell	body,	and	consists	of	more	than	20	proteins.	It	is	driven	by	a	flow	of	positively	charged	hydrogen	ions	through	the	cell	membrane,	which	induces	a	conformational	change	that	rotates	the	
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bacterial	 flagellum.	The	rotary	engine	can	achieve	angular	velocities	of	up	to	1050	rps,	resulting	in	a	propulsion	speed	of	around	60	cell	lengths	per	second	[14]	and	generates	torques	higher	than	103	pN ⋅ nm [13].	A	sudden	change	 in	the	direction	of	rotation	can	be	achieved	by	a	conformational	change	in	the	rotor	[15].	A	prominent	example	can	be	found	 in	E.	coli	bacteria,	which	swim	by	rotating	a	helical	bundle	consisting	of	 several	synchronized	 flagella	 in	 a	 corkscrew-like	 motion.	 Such	 multi-tailed	 bacteria	 can	 also	change	 the	 swimming	 direction	 in	 a	 fascinating	 process	 called	 run-and-tumble	 as	described	by	Howard	Berg	in	1973	[10].	In	 contrast,	 the	 eukaryotic	 flagellum	 consists	 of	 an	 arrangement	 of	 microtubule	doublets,	which	is	anchored	via	a	basal	body	in	the	cell	membrane	of	the	microorganism.	A	prominent	example	is	the	sperm	flagella	[11].		Another	difference	can	be	found	in	the	beating	 pattern	 of	 eukaryotic	 flagella.	 While	 the	 bacterial	 flagellum	 rotates,	 the	eukaryotic	 flagellum	 performs	 a	 wave-like	 motion.	 This	 motion	 is	 driven	 by	 dynein	motor	proteins	which	cause	sliding	of	the	microtubules	against	one	another	resulting	in	a	bending	of	the	flagellum	[16].		The	cilium	shown	in	Figure	1.1b	is	-	neglecting	length	and	function	–	according	to	the	latest	 research	 believed	 to	 be	 structurally	 identical	 to	 the	 eukaryotic	 flagellum	[17].	Distinctions	 are	 made	 between	 motile	 and	 non-motile	 cilia.	 While	 the	 non-motile	 or	primary	cilia	serve	as	a	sensory	device,	motile	cilia	beat	jointly	to	move	the	surrounding	liquid	or	achieve	self-propulsion	of	the	microscopic	organism.	Even	though	motile	cilia	and	 eukaryotic	 flagella	 are	 very	 similar	 in	 structure	 they	 differ	 significantly	 in	 their	beating	patterns.	In	contrast	to	the	propeller-like	or	wave-like	motion	of	the	flagellum,	the	cilia	beats	forwards	and	backwards	performing	a	power	and	recovery	stroke	[18].		These	 three	 motions	 performed	 by	 flagellated	 or	 ciliated	 microorganisms	 are	fundamental	swimming	strategies	of	propulsion	at	the	micron	scale.	To	understand	why	swimming	requires	these	special	beating	patterns,	the	hydrodynamics	of	viscous	media	must	be	taken	into	consideration.		
	
Life	at	low	Reynolds	numbers		At	the	micro-	and	nanoscale,	the	physics	behind	motion	are	quite	different	from	the	one	we	 are	 used	 to.	 For	 a	 human	 being,	 swimming	 in	 water	 relies	 on	 gaining	 a	 forward	momentum	by	displacing	the	surrounding	water	and	gliding	for	a	moment.	The	motion	is	 roughly	 reciprocal	 as	 after	 each	 glide	 the	movement	 that	 led	 to	 the	 acceleration	 is	reversed.	For	a	microorganism,	however,	viscosity	in	the	surrounding	fluid	becomes	the	dominant	factor	and	the	effect	of	inertia	becomes	negligible.	As	a	consequence,	there	is	no	such	thing	as	glide,	leading	to	the	effect	that	a	periodic	motion	will	undergo	a	loop	in	configuration	space	with	no	effective	change	of	position,	as	first	stated	by	E.M.	Purcell	in	his	 Scallop	 Theorem	[5].	 In	 other	 words,	 a	 reciprocal	 motion	 will	 push	 the	microorganism	forward	and	backward	by	the	same	amount,	which	makes	macroscopic	swimming	techniques	ineffective.	The	Reynolds	number	(Re)	is	a	quantity	that	describes	whether	the	inertial	forces	or	the	viscous	forces	in	a	fluid	dominate.	
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	 𝑅𝑒 = 𝑈 ∙ 𝐿𝜌 ∙ 𝜂 	 (1.1)		Here,	𝑈	and	𝐿	are	the	velocity	and	characteristic	length	of	the	swimmer,	𝜌	and	𝜂	are	the	density	 and	 the	 viscosity	 of	 the	 fluid.	 At	 the	 scale	 of	 microorganisms,	 where	 viscous	forces	dominate	over	inertial	forces,	one	therefore	speaks	of	the	low	Reynolds	number	regime.	Bypassing	 the	 problem	 of	 reciprocal	 actuation	 at	 low	 Reynolds	 number	 requires	breaking	 the	 time-reversibility	 of	 the	 propulsive	 motion.	 In	 order	 to	 produce	 a	 net	displacement,	 biological	 propulsion	 mechanisms	 move	 in	 a	 non-reciprocal	 motion	 as	described	 in	 the	 previous	 subchapter.	 The	 different	 propulsion	 mechanism	 can	 be	categorized	to	be	either	oar-	or	corkscrew-like	[5].		
	
Figure	 1.2:	 Propulsion	 mechanisms	 at	 Low	 Reynolds	 number.	 Schematic	 of	 two	 main	
strategies	used	by	microorganisms	to	achieve	propulsion	at	low	Reynolds	number:	(a)	the	
oar-like	and	(b)	the	corkscrew	motion.		The	oar-like	motion	 is	derived	 from	the	rowing	of	a	boat,	where	a	rigid	oar	 is	used	 to	achieve	propulsion.	However,	at	low	Reynolds	number	the	rod	has	to	be	flexible	in	order	to	 achieve	 propulsion.	 When	 a	 flexible	 rod	 is	 exposed	 to	 fluid	 drag,	 it	 will	 bend	 in	different	 directions	 during	 the	 forward	 and	 backward	 stroke	 and	 thereby	 break	 the	time-invariance	of	the	motion	[19]	as	illustrated	in	Figure	1.2a.		For	 the	 corkscrew-like	 motion	 the	 propulsion	 mechanisms	 requires	 either	 a	 rigid	helical	 structure	[20,	 21]	 or	 a	 flexible	 rod	 that	 can	 bend	 into	 a	 helical	 shape	 during	propulsion	[22,	23].	The	non-reciprocity	of	the	motion	is	fulfilled	when	the	helix	rotates	(Figure	1.2b),	because	the	helix	will	never	return	to	the	same	position	in	configuration	space	 at	 any	 given	 time.	 A	 swimmer	 performing	 such	 a	movement	 drives	 through	 its	viscous	environment	like	a	corkscrew	through	the	cork	of	a	wine	bottle.			
1.2.	Artificial	micro-	and	nanoswimmers		Accompanying	 the	 advances	 in	 micro-	 and	 nanofabrication,	 many	 different	 synthetic	strategies	 for	 the	 fabrication	 of	micro-	 and	 nanoscale	 swimmers,	 which	 resemble	 the	architecture	and	 function	of	natural	 swimmers,	have	arisen	over	 the	 last	 few	decades.	For	 example,	 glancing	 angle	 deposition	[20,	 24],	 rolled-up	 technique	[25],	 direct	 laser	
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writing	[21],	 template-assisted	 synthesis	[26],	 as	 well	 as	 self-assembly	[19,	 27]	 have	been	used	to	construct	artificial	swimmers	from	different	materials	such	as	glass,	metals	and	organic	materials.	Swimmers	 constructed	by	 these	diverse	methods	have	been	proposed	 for	potential	applications	 in	 cargo	 transport	[28-30],	 targeted	 drug	 delivery	[31-33],	 biochemical	sensing	[34-36],	cell	 trapping,	manipulation	and	characterization	[37,	38],	as	well	as	 in	minimally	invasive	procedures	and	biopsy	[39].		
	
Figure	 1.3:	 Artificial	 magnetic	 microswimmers.	 (a)	 Glass	 microswimmers	 formed	 by	
glancing	 angle	 deposition	 (GLAD).	 Reprinted	 by	 permission	 from	 ref.	[20].	 Copyright	
(2009)	American	Chemical	Society.	(b)	Artificial	bacterial	flagella	(ABF)	fabricated	by	the	
rolled-up	 technique.	 Reprinted	 by	 permission	 from	 ref.	[25].	 Copyright	 (2009)	 American	
Chemical	Society.	(c)	Helical	swimmers	constructed	by	3-d	direct	laser	writing.	Scale	bar:	
10	µm.	 Reprinted	 by	 permission	 from	 John	Wiley	 and	 Sons:	 Advance	 Materials	 ref.	[21],	
copyright	2012.	(d)	Flexible	oar-like	swimmer	self-assembled	from	magnetic	microparticle.	
Reprinted	by	permission	 from	Macmillan	Publishers	Ltd:	Nature	ref.	[19],	copyright	2005	
e)	Assisted	synthesis	of	helical	swimmers	using	plant	vessels	as	template.	Scale	bar:	50	µm.	
Reprinted	by	permission	from	ref.	[26].	Copyright	(2014)	American	Chemical	Society.			For	the	actuation	of	the	artificial	swimmers	diverse	strategies	were	followed.	Micro-	and	nanoscale	 structures	 driven	 by	 phoretic	 gradients	[40-45],	 light	[46],	 magnetic	fields	[19-21,	24,	25,	27]	and	even	sound	waves	[47]	were	demonstrated.	Within	these	approaches,	 however,	 two	main	mechanisms	 of	 actuation	 are	 standing	 out	 –	 phoretic	swimmers,	 which	 swim	 by	 self-propulsion	 and	 exploit	 the	 phoretic	 properties	 of	 the	surrounding	 fluid	and	magnetic	swimmers	which	are	driven	by	a	deformation	of	 their	structure	actuated	by	an	external	energy	source.	Phoretic	actuation	requires	an	asymmetric	decomposition	of	 the	swimmer’s	surface	with	a	reactive	chemical.	The	asymmetry	then	converts	gradients	of	the	reactant	in	the	surrounding	 fluid	 into	 a	 hydrodynamic	 flow.	 The	 first	 phoretic	 swimmers	 was	independently	 demonstrated	 in	 2004	by	 Praxton	 et	 al.	 and	 Fournier-Bidoz	 et	 al.,	who	were	 able	 to	 show	 that	 bimetallic	 micrometre-sized	 rods	 are	 propelled	 in	 hydrogen	peroxide	solutions	[40,	41].	Since	then,	phoretic	swimmers	have	been	demonstrated	to	exploit	electrophoretic	[42],	diffusiophoretic	[43]	and	thermophoretic	[44]	gradients.		
	6	
While	 this	 class	 of	 swimmer	 has	 shown	 impressive	 characteristics	 such	 as	 complex	manoeuvres,	payload	capture	and	payload	manipulation	[45]	 their	major	disadvantage	is	 that	 they	greatly	depend	on	the	 fuel	supply	 in	the	surrounding	fluid,	which	restricts	their	use	to	very	unique	environments.		In	contrast,	magnetically	actuated	swimmers	are	to	a	great	extend	independent	of	the	medium	they	swim	in,	as	their	actuation	is	provided	by	an	external	energy	source.	They	are	 usually	 constructed	 from	magnetic	 materials	 or	 are	 functionalized	 with	 such.	 An	external	 magnetic	 field	 provides	 the	 motion	 and	 spatial	 control	 over	 this	 class	 of	swimmer.	 A	 prominent	 example	 of	 a	 magnetically	 actuated	 microswimmer	 was	proposed	by	Dreyfus	et	al.	in	2005	who	used	a	self-assembled	chain	of	magnetic	beads	to	form	 a	 flexible	 magnetic	 flagella-like	 tail	 and	 demonstrated	 the	 first	 controlled	swimming	 motion	 of	 magnetically	 actuated	 microswimmers	[19].	 In	 2016,	 we	demonstrated	 that	 similar	 to	 peritrichous	 bacteria,	 magnetic	 microswimmers	 can	 be	propelled	by	a	bundle	of	artificial	flagella	(see	Associated	Publication	P2)	[27].	Recently,	magnetically	 driven	 swimmers	 have	 even	 been	 reduced	 in	 size	 down	 to	 the	nanoscale	[24].	 In	 this	 regime,	Brownian	motion	 increasingly	dominates	 the	motion	of	such	small	particles	and	makes	maintaining	a	directed	motion	difficult.	In	 technical	 and	medical	 applications,	micro-	 and	nanoswimmers	 are	 envisioned	 to	perform	 various	 tasks	 ranging	 from	 health	 care,	 lab-on-a-chip	 to	 environmental	science	[38,	48].	They	are	foreseen	to	move	through	body	fluids	delivering	medicine	to	tumour	 sites,	 to	 drill	 open	 blocked	 arteries	 in	 order	 to	 prevent	 heart	 attacks	 or	 to	remove	 toxic	 materials	 in	 water	 streams.	 For	 biomedical	 applications,	 magnetic	microswimmers	are	especially	suitable	as	they	can	be	actuated	from	afar,	which	makes	their	propulsion	mechanism	biocompatible.	Another	field,	where	artificial	swimmers	may	contribute	to,	is	the	study	of	collective	behaviour	 or	 “swarming”.	 This	 phenomenon	 has	 been	 observed	 in	 many	 biological	systems,	 such	 as	 flocks	 of	 birds	 or	 fish	 swarms,	 where	 the	 entities	 move	 in	 high	densities.	 Artificial	 swimmers	 could	 provide	 a	 well-controlled	model	 system	 to	 study	this	 behaviour	 at	 small	 scales	 providing	 insights	 into	 non-equilibrium	 physics	 at	 low	Reynolds	numbers	[49].	For	 the	 manufacture	 of	 micro-	 and	 nanoswimmers	 two	 fundamental	 different	strategies	can	be	applied.	So	far,	most	swimmers	have	been	built	by	the	well-established	top-down	approach,	where	large	technical	equipment	is	used	to	cut	larger	materials	into	the	desired	micro-	or	nanoshape.	Although,	this	approach	is	commonly	used	to	construct	micro-	and	nanoscale	objects,	it	has	disadvantages	in	terms	of	parallelization	and	usually	requires	expensive	technical	equipment.		The	bottom-up	approach,	on	 the	other	hand,	uses	single	atoms,	 larger	molecules	or	nanoscale	 components	 as	 building	 blocks,	 which	 self-assemble	 into	 the	 desired	nanostructure.	 This	 allows	 cost-effective	 and	 simultaneous	 construction	 of	 billions	 of	structures	in	a	simple	one-pot	reaction.		Within	 the	 different	 molecular	 self-assembly	 techniques,	 DNA	 has	 proven	 to	 be	 a	reliable	 and	versatile	 building	block	[50],	with	 its	 synthesis	 becoming	more	 and	more	cost	efficient	every	year	[51].	
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1.3.	Structural	DNA	nanotechnology		Despite	its	important	function	as	the	carrier	of	genetic	information,	DNA	nowadays	also	plays	 an	 important	 role	 in	 structural	 nanotechnology.	 The	 Watson-Crick	 base	pairing	[52],	which	allows	hybridization	between	to	DNA	strands	to	be	highly	selective	and	 the	 ability	 to	 form	 connections	 between	 strands	 through	 holiday	 junctions	 have	made	DNA	a	promising	nanoscale	building	block.				
DNA	tile	assembly		In	1982,	Nadrian	Seeman	proposed	that	DNA	could	be	used	to	construct	materials	with	nanometre-sized	 addressability	 and	 complex	 nanoscale	 shapes	 that	 could	 serve	 as	frameworks	 for	 protein	 crystallization	[53].	 Since	 then	 his	 visionary	 idea	 started	 to	arouse	increasing	interest	in	biophysicist	and	biochemists	alike.	In	order	to	realize	such	structures,	 he	 used	 branched	 DNA	 architectures,	 which	 consisted	 of	 multiple	 DNA	crossover	junctions,	commonly	known	as	DX	tiles	[54,	55]	(Figure	1.4a),	which	he	later	assembled	into	 large	crystal	structures	[56].	The	DX	(double	crossover)	tiles	consist	of	two	 helical	 domains	 connected	 by	 two	 crossover	 junctions.	 Modifications	 in	 the	 DX	design,	 such	 as	 hairpin	 loops	 and	 sticky	 ends	 later	 allowed	 assembling	 proteins	 and	nanoparticles	on	large	tile	lattices	[57,	58].		
	
	
Figure	 1.4:	 DNA	 tile	 assembly.	 (a)	DX	 (double	 crossover)	 tiles	 and	 the	 slightly	modified	
DX+J	 tiles	 forming	 2D	DNA	 lattices.	 Reprinted	 by	 permission	 from	Macmillan	 Publishers	
Ltd:	Nature	ref.	[63],	copyright	2003.	(b)	DX	tile-assembled	tubes	with	varying	diameters.	
Scale	 bar:	 100	nm.	 Reprinted	 by	 permission	 from	 ref.	[59].	 Copyright	 (2004)	 American	
Chemical	 Society.	 (c)	 Tile-assembled	 tubes	 with	 controlled	 circumferences	 formed	 from	
half-crossover	tiles.	Reprinted	by	permission	from	AAAS:	Science	ref.	[61],	copyright	2009.	
(d)	Complex	3D	structures	designed	by	half-crossover	tiles.	Scale	bar:	20	nm.	Reprinted	by	
permission	from	AAAS:	Science	ref.	[62],	copyright	2012.		In	2004,	Rothemund	et	 al.	 presented	 the	 first	 tube	 structure	 assembled	 from	such	DX	tiles	[59]	 (Figure	1.4b).	His	 tubes	 assembled	 in	 a	 simple	 one-pot	 reaction	 from	only	 a	handful	of	tiles	and	grew	as	long	as	50	µm	in	length,	however,	they	had	the	disadvantage	that	 their	 circumference	 could	 not	 be	 controlled.	 Although,	 initiating	 the	 tube	 growth	from	a	seed	later	solved	this	problem,	the	formation	of	tubes	with	defined	circumference	
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still	remained	tedious	[60].	In	2008,	Yin	et	al.	solved	this	problem	by	presenting	a	new	design	 based	 on	 half	 crossover	 tiles,	 which	 allowed	 the	 construction	 of	 tubes	 with	defined	circumference	[61]	(Figure	1.4c).	In	2012,	the	same	group	demonstrated	that	a	similar	tile-based	“Lego	brick”	design	allowed	them	to	construct	complex	3D	shapes	[62]	(Figure	1.4d).					
DNA	origami		In	2006,	Paul	Rothemund	published	a	novel	DNA-based	 self-assembly	 technique,	DNA	Origami,	that	drastically	increased	the	complexity	in	geometrical	shape	and	size	of	DNA	nanostructures	[64].	 In	contrast	 to	DNA	tile	assembly,	DNA	origami	does	not	require	a	tight	 stoichiometric	 control	 over	 the	DNA	 strands.	 It	 relies	 on	 the	 folding	 of	 a	 several	thousands	bases	long	DNA	“scaffold”	strand	extracted	from	M13	bacteriophage	genome	by	hundreds	of	short	“staple”	strands.	Each	staple	 is	designed	to	be	complementary	to	distinct	 parts	 in	 the	 scaffold	 and	 thereby	 staples	 the	 scaffold	 strand	 into	 the	 desired	shape.	 While	 first	 DNA	 origami	 constructs	 were	 two-dimensional,	 by	 2009	 three-dimensional	shapes	were	realized	[65].	In	the	same	year,	Dietz	et	al.	introduced	discrete	amounts	of	bending	and	twisting	 into	 the	DNA	constructs,	which	allowed	constructing	twisted	 and	 curved	 DNA	 origami	[66].	 The	 progress	 was	 strongly	 supported	 by	 the	introduction	 of	 the	 computer	 program	 “caDNAno”,	 which	 helped	 to	 design	 new	 DNA	origami	structures	with	less	errors	and	in	less	time	[67].	Similar	 to	 the	DNA	 tile	 assembly,	hairpin	 loops	 can	be	 introduced	on	 the	 structure,	allowing	 the	 creation	 of	 patterns	 on	 the	 DNA	 origami	 surface	[64].	 Furthermore,	 by	chemically	 modifying	 staple	 strands	 in	 the	 origami	 design,	 functionalization	 of	 the	structures	 with	 nanocomponents	 is	 possible,	 which	 is	 of	 great	 importance	 for	 DNA	origami	structures	to	be	applied	in	practical	applications.	For	example,	chiral	plasmonic	nanostructures	 consisting	 of	 a	 DNA	 origami	 template	 and	 gold	 nanoparticles	 were	shown	to	exhibit	a	designed	optical	response	[68].	Such	hybrid	materials	have	also	been	demonstrated	for	proteins	[69]		and	other	metals,	such	as	silver	[70].	Of	special	interest	for	 the	 work	 presented	 here	 is	 the	 attachment	 of	 magnetic	 particles	 to	 DNA	nanostructures.	 Such	 constructs	 have	 been	 presented	 by	 Kauert	 et	 al.,	 who	demonstrated	that	magnetic	microparticles	can	be	attached	to	DNA	origami	constructs	via	a	streptavidin-biotin	connection	[71].			
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Figure	1.5:	DNA	origami.	(a)	DNA	origami	constructs	are	formed	by	a	long	DNA	scaffold	
strand	and	by	hundreds	of	short	staple	strands	through	thermal	annealing.	(b)	One	of	the	
first	origami	structures	resembling	a	smiley	face.	Reprinted	by	permission	from	Macmillan	
Publishers	Ltd:	Nature	ref.	[64],	copyright	2006.	(c)	3-dimensional	origami	constructs	with	
arbitrary	shape.	Reprinted	by	permission	from	Macmillan	Publishers	Ltd:	Nature	ref.	[65],	
copyright	2009.	(d)	DNA	origami	with	curved	and	twisted	shape.	Reprinted	by	permission	
from	 AAAS:	 Science	 ref.	[66],	 copyright	 2009.	 (e)	 Gold	 nanoparticle	 functionalized	 DNA	
origamis	 constructs	 as	 plasmonically	 active	 structures.	 Reprinted	 by	 permission	 from	
Macmillan	 Publishers	 Ltd:	 Nature	 ref.	[68],	 copyright	 2012.	 (f)	 Magnetic	 microparticle	
functionalized	DNA	origami	for	determining	the	rigidity	of	the	DNA	bundles.	Reprinted	by	
permission	from	ref.	[71].	Copyright	(2011)	American	Chemical	Society.	Scale	bars:	20	nm.		Combining	the	properties	of	magnetic	micro-	and	nanoparticles	with	the	advantages	of	DNA	 self-assembly	 techniques	 has	 so	 far	 received	 little	 attention	 by	 the	 DNA	nanotechnology	 community.	 In	 this	 dissertation	 we	 will	 illustrate	 how	 artificial	filaments	 constructed	 solely	 from	 DNA	 can	 serve	 as	 biocompatible	 artificial	 flagella.	When	attached	to	magnetic	micro-	and	nanoparticles,	these	structures	yield	a	new	class	of	biocompatible	artificial	micro-	and	nanoswimmer,	which	is	strongly	desired	for	future	technical	and	biomedical	applications.			 	
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2.	 Self-Assembled	 DNA	 Tubes	 forming	 Helices	 of	 Controlled	
Diameter	and	Chirality		Helical	shapes	can	be	found	throughout	all	structural	levels	of	biological	materials.	The	most	prominent	example	is	DNA,	which	consists	of	two	intertwined	helical	chains	[52],	but	 also	 many	 other	 structures	 like	 cellulose	 fibrils	[72],	 the	 shell	 of	 holoplanktonic	mollusks	[73]	 or	 the	 filament	 of	 bacterial	 flagella	[13]	 	 show	 helical	 assemblies.	 	 The	helical	 shape	 of	 these	 structures	 results	 from	an	 intrinsic	 chirality	 in	 the	 geometry	 of	their	 building	 blocks	[74],	 where	 a	 lack	 of	 mirror	 symmetry	 frustrates	 an	 otherwise	straight	 2D	 assembly.	 Examples	 of	 such	 chiral	 building	 blocks	 are	 nucleotide	 bases	 in	DNA	duplexes	and	filamentous	proteins	 in	bacterial	 flagella	or	rod-like	viruses	[75].	 In	higher-ordered	 biological	 materials,	 such	 as	 wood,	 bone,	 tendon,	 ligament,	 hoof	 and	horn	[76],	helical	structures	are	often	incorporated	in	order	to	provide	high	mechanical	stability	 and	 flexibility.	 For	 example,	 in	wood	 and	 bones	 they	 serve	 as	 reinforcement	elements,	providing	these	materials	with	a	high	damage	tolerance	[77].		These	outstanding	properties	have	served	mankind	as	a	source	of	inspiration	for	the	design	and	construction	of	macroscopic	helical	 tools.	For	example,	 springs	and	screws	have	 become	 integral	 components	 of	 classical	 mechanical	 engineering	 in	 the	macroscopic	 world.	 Here,	 helical	 springs	 have	 been	 applied	 to	 store	 and	 release	mechanical	 energy,	 thereby	 absorbing	 shocks	 or	 maintaining	 a	 force	 between	 two	surfaces.	Helical	screws	have	been	used	to	convert	rotation	into	linear	motion,	making	it	possible	 to	 accurately	position	 and	 fasten	objects.	Nevertheless,	 a	 fully	 exploitation	of	the	 outstanding	 properties	 of	 helical	 structures	 as	 found	 in	 its	 natural	 counterparts,	requires	miniaturization	to	the	micro-	and	nanoscale.			
2.1	Artificial	micro-	and	nanohelices			In	 the	 last	decades,	many	advances	have	been	made	 in	producing	artificial	micro-	and	nanohelices	by	 top-down	 fabrication	methods,	 in	which	 larger	material	 is	 shaped	 into	the	 desired	 micro-	 or	 nanostructure.	 For	 example,	 induced	 self-scrolling	[78-80],	glancing	 angle	 deposition	[20,	 81-83]	 of	 evaporated	 or	 sputtered	 materials,	 and	 3D	direct	laser	writing	[21,	84]	in	photoresists,	have	been	applied.	Within	these	approaches,	micro-	 and	 nanohelices	were	 produced	 from	diverse	materials,	 such	 as	 alloy,	 glass	 or	plastic	 with	 lengths	 and	 diameters	 ranging	 from	 many	 micrometers	 down	 to	 the	nanometre	scale	[24].		Within	bottom-up	approaches,	 vapour	phase	deposition	has	 taken	a	 leading	 role	 in	the	 construction	 of	 micro-	 and	 nanohelices.	 Especially	 carbon	 nanotubes	 (CNTs)	 and	carbon	 nanowires	 (CNWs)	 of	 helical	 shape	 were	 formed	 by	 this	 method.	 	 Typical	diameters	 and	 lengths	 of	 these	 structures	 are	 50‒1000	nm	 and	 0.3‒3	μm,	respectively	[79,	85,	86].	Both,	 bottom-up	 and	 top-down	 fabricated	 artificial	 micro-	 and	 nanohelices	 were	shown	 to	 possess	 extraordinary	 mechanical	 properties,	 which	 closely	 resemble	 their	
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natural	 counterparts.	 For	 example,	 helices	 with	 super-elasticity	[80,	 85,	 87]	 and	 high	mechanical	strength	[88]	could	be	constructed.	These	properties	make	them	promising	candidates	 for	 the	 construction	 of	 shape	 memory	 materials	[80,	 87]	 and	 composites	with	 improved	 mechanical	 integrity	[89]	 as	 well	 as	 potential	 building	 blocks	 in	mechanical	 micro-	 and	 nanosprings	[79],	 biomedical	 sensor	 devices	[90],	 and	photoelectronic	devices	[76].	Furthermore,	micro-	and	nanoscrews	were	recently	shown	to	 function	as	propulsion	mechanisms	 for	artificial	micro-	and	nanoswimmers	[20,	24,	26,	 27,	 33,	 91].	 Such	 devices	 are	 foreseen	 to	 deliver	 drugs	 or	 remove	 blood	 clots	 in	future	biomedical	devices	[2,	48,	92].		Although,	many	advances	have	been	made	over	the	last	years,	large-scale	production	of	 3D	 micro-	 and	 nanostructures	 with	 controllable	 shape	 is	 still	 challenging	 for	 the	above-described	 methods.	 Moreover,	 most	 of	 the	 employed	 materials	 are	 not	biocompatible,	which	 is	a	mandatory	criterion	for	a	potential	realization	 in	biomedical	applications.	In	order	to	achieve	all	the	requirements	in	one	system,	one	would	need	an	easy-to-adjust,	 biocompatible	 and	 chiral	 building	 block,	 which	 can	 be	 self-assembled	into	larger	objects.		Bottom-up	 DNA	 self-assembly	 offers	 such	 subunits,	 which	 consist	 solely	 of	biocompatible	DNA	and	can	be	shaped	into	structures	of	designed	curvature	and	twist.	This	was	first	demonstrated	for	DNA	origami	constructs	by	Dietz	et	al.	in	2009	[66].	The	closely	related	DNA	tile	tube	assembly,	however,	shows	a	similar	if	not	better	suitability	for	the	construction	of	artificial	helices	with	defined	micro-	and	nanoscale	diameter	as	will	be	shown	in	the	subsequent	chapters.	Tile	 tubes	 assemble	 in	 a	 simple	 one-pot	 reaction	 from	 only	 a	 handful	 of	oligonucleotides	 referred	 to	 as	 tiles	 by	 forming	 a	 short	 building	 block,	 which	 self-polymerizes	 into	 micrometre	 long	 structures.	 In	 the	 2008	 presented	 self-assembly	scheme	 by	 Yin	 et	 al.	[61],	 single-stranded	 DNA	 oligonucleotides	 formed	 short	 tube	segments	 of	~	7	nm	 in	 lengths,	which	 self-polymerized	 into	micrometre	 long	 tubes	 of	controlled	 circumference.	 In	 the	 design,	 each	 oligonucleotide	 exhibits	 four	 sequence	domains	by	which	 it	can	bind	to	adjacent	tiles	via	the	hybridization	of	complementary	DNA	 strands	 (Figure	 2.1).	 The	 circumference	 of	 the	 tubes	 can	 be	 adjusted	 via	 the	number	of	tiles	within	a	tube,	with	n	tiles	assembling	into	a	n-helix	tile	tube.	Depending	on	whether	n	 is	 even	 or	 odd	 the	 tubes	 close	with	 no	 (Figure	 2.1a)	 or	with	 a	 discrete	amount	 of	 offset	 (Figure	 2.1b).	 Therefore,	 tubes	with	 odd	number	 of	 helices	 exhibit	 a	certain	amount	of	twist	along	their	 longitudinal	axis,	while	tubes	with	even	number	of	helices	 are	 straight.	 The	 offset-based	 tube	 distortion	 is	 called	 supertwist	 and	 was	previously	studied	in	detail	by	Schiffels	et	al.	[93].		
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Figure	 2.1:	 Design	 of	 tile-assembled	 tubes.	 (a)	 An	 even	 number	 of	 DNA	 tiles	 folds	 into	
straight	tubes	as	exemplarily	 illustrated	for	the	12-helix	tile	tube.	(b)	In	contrast,	an	odd	
number	of	tiles	has	to	overcome	an	offset	in	order	to	close.	This	offset	leads	to	a	so-called	
supertwist	 in	 the	 tube’s	 structure	 as	 illustrated	 for	 the	 13-helix	 tile	 tube.	 Reprinted	 by	
permission	from	ref.	[94].	Copyright	(2017)	American	Chemical	Society.		In	Publication	P1,	we	introduced	new	design	rules	that	allowed	us	to	construct	helically	shaped	 DNA	 tile	 tubes	 with	 defined	 helical	 diameters	 and	 chirality.	 We	 gained	 these	design	rules	by	systematically	testing	the	relationship	between	the	helical	shape	of	the	assembled	tube	and	i)	the	number	and	relative	position	of	inserted	or	deleted	base	pairs,	ii)	the	relative	position	of	tiles	within	the	tube	segment,	and	iii)	the	arrangement	of	Cy3	modifications	on	the	tube.	In	what	follows,	we	present	a	short	summary	of	the	published	work	 accompanied	 by	 a	 detailed	 description	 of	 the	 follow-up	 research	 on	 helically	shaped	DNA	tile	tubes.	Publication	P1	is	provided	in	chapter	6.1.		
	
2.2	Controlling	the	nanoscale	helical	shape	of	DNA	tile	tubes	through	base	
pair	insertions	and/or	deletions			From	previous	work	on	DNA	origami,	it	is	known	that	base	pair	insertions	or	deletions	can	generate	nanoscale	bending	and	twisting	in	DNA	constructs	[66].	The	same	idea	has	been	 recently	 used	 on	 DNA	 tile	 tubes	 to	 construct	 DNA	 nanorings	[95].	 For	 the	realization	of	 tile	 tubes	with	nanoscale	helical	 shape,	we	build	upon	 these	studies	and	focused	on	tubes	with	even	number	of	helices	n.	These	tubes	are	naturally	straight	and	therefore	 constitute	 a	 perfect	 platform	 to	 test	 the	 effect	 of	 base	 pair	 insertions	 and	deletions	on	 their	shape.	We	systematically	 inserted	and	deleted	base	pairs	 in	distinct	helices	of	tile	tubes	with	different	sizes	and	analysed	the	helical	shape	as	demonstrated	for	base	pair	insertions	in	Figure	2.2.	We	 found	 that	 formerly	 straight	 DNA	 tile	 tubes	 formed	 helical	 shapes	 after	 the	insertion	 or	 deletion	 of	 base	 pairs	 within	 distinct	 positions	 of	 the	 tube’s	 structure.	Because	 the	 diameter	 of	 the	 structures	 was	 below	 the	 resolution	 limit	 of	 light	
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microscopy,	we	could	not	resolve	the	helical	3D	shape	in	solution.	We	therefore	applied	transmission	electron	microscopy,	which	resolved	the	 tubes	structure	with	nanometre	precision	 as	 illustrated	 for	 an	 8-helix	 tile	 tube	with	 one	 insertion	 in	 Figure	 2.2a.	 The	downside	 of	 this	 technique	 however	 was	 that	 prior	 to	 TEM	 imaging	 samples	 had	 to	undergo	 a	 preparation	 process,	 which	 resulted	 in	 a	 2D	 confinement	 of	 the	 tube	structure.	 This	 confinement	 made	 it	 impossible	 to	 directly	 determine	 the	 helical	diameter	and	pitch	from	the	confined	shape.	In	order	to	gain	a	measure	of	the	impact	of	insertions	and	deletions	on	the	helical	shape	of	the	tubes,	we	extracted	and	analysed	the	radius	 of	 curvature	 rc	 in	 place	 of	 the	 diameter	 and	 pitch.	 Rc	 is	 related	 to	 the	 tube’s	diameter	D	and	pitch	P	via			 𝑟! = 𝐷2 + 𝑃!2𝜋!𝐷	 (2.1)		According	 to	a	 theoretical	 study	on	2D	confined	 filaments,	 the	curvature	of	a	confined	helical	 structure	 stays	 virtually	 unaffected	 between	 two	 curvature	 inversion	 points	along	the	tube’s	contour	[96]	and	can	therefore	be	reliably	extracted	from	TEM	images.			
	
Figure	2.2:	DNA	tile	tubes	with	nanoscale	helical	shape.	(a)	The	insertion	of	an	additional	
base	pair	into	the	repetitive	segment	of	a	tile	tube	resulted	in	a	helical	shape	of	the	overall	
structure	as	exemplarily	illustrated	for	an	8HT	by	TEM.	From	this	shape,	we	extracted	the	
radius	 of	 curvature	 rc.	 (b)	We	observed	a	 steady	decrease	 of	 rc	 in	 tubes	with	decreasing	
tube	size.	(c)	In	tubes	of	equal	size,	we	observed	a	decrease	of	rc	with	increasing	number	of	
insertions.	 Reprinted	 by	 permission	 from	 ref.	 [94].	 Copyright	 (2017)	 American	 Chemical	
Society.		We	found	that	rc	steadily	decreased	for	decreasing	tube	sizes	in	tubes	with	one	insertion	or	deletion	per	tube	segment	as	exemplarily	illustrated	for	12-	to	4-helix	tubes	with	one	insertion	in	Figure	2.2b.	Within	tubes	of	a	given	number	of	helices,	several	insertions	or	deletions	 resulted	 in	decreasing	values	of	 rc	 as	 exemplarily	demonstrated	 for	12-helix	tubes	with	 1	 to	 6	 insertions	 in	 Figure	 2.2c	 (see	 chapter	 6.1	 for	 additional	 analysis	 of	tubes	 with	 only	 deletions	 and	 for	 tubes	 with	 both	 insertions	 and	 deletions).	 These	observations	suggest	that	the	amount	of	bending	exerted	by	base	pair	insertions	and/or	deletions	is	distributed	over	the	whole	DNA	tube	structure	and	increases	stepwise.	The	presented	 approach	 therefore	 constitutes	 an	 excellent	 technique	 for	 the	 controlled	
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construction	of	helically	shaped	nanotubes.		We	 continued	 our	 study	 by	 comparing	 our	 measured	 values	 of	 rc	 to	 theoretical	predictions	 from	 a	 DNA	 toy	 model	 published	 by	 Dietz	 et	 al.	[66].	 We	 found	 that	 the	model	 only	 slightly	 overestimated	 the	 measured	 data.	 The	 predicted	 values	 for	 each	tube	 are	 illustrated	 as	 black	 triangles	 in	 Figure	 2.2b	 and	 2.2c.	 The	 biggest	 deviation	between	model	and	experiment	was	 found	 for	 tubes	with	only	one	 insertion	(see	 first	data	point	 in	Figure	2.2c)	or	one	deletion	 (see	chapter	6.1).	We	believe	 that	nicks	and	crossovers	in	the	tube’s	structure	absorbed	some	of	the	bending	induced	by	insertions	or	deletions.	This	“buffering”	effect	was	most	present	 in	tubes	with	few	insertions	and	deletions,	 because	 it	 had	 to	 be	 overcome	 only	 once.	 In	 the	model,	 however,	 a	 perfect	double	stranded	DNA	was	assumed	which	did	not	account	for	this	effect.		In	 order	 to	 achieve	 even	 smaller	 rc,	 we	 installed	 combinations	 of	 insertions	 and	deletions	within	 the	same	tube	 type.	 	Surprisingly,	we	 found	that	 tubes	with	 the	same	number	of	insertions	and	deletions	on	opposite	sides	of	the	tube’s	cross	section	mainly	formed	helical	 structures	 instead	of	 rings,	 as	 one	would	 expect	 for	 symmetry	 reasons	(see	chapter	6.1).	These	observations	also	contradicted	with	recently	published	material	on	DNA	nanoring	 formation,	where	 a	 similar	 arrangement	 of	 insertions	 and	deletions	led	to	the	assembly	of	rings	[95].	We	believe	that	in	our	tile	tube	design	the	amount	of	twist	exerted	by	insertions	differed	from	that	exerted	by	deletions.		In	 order	 to	 understand	 the	 origin	 of	 this	 discrepancy,	we	 took	 a	 closer	 look	 at	 the	relative	 position	 of	 insertions	 and	 deletions	within	 the	 tile	 tube	 design.	 In	 a	 DNA	 tile	tube,	each	double	helix	is	connected	to	two	neighbouring	helices	via	DNA	crossovers.	In	the	absence	of	insertions	or	deletions,	crossovers	to	the	same	neighbouring	helix	repeat	every	21bp	corresponding	to	two	full	helical	turns	of	the	DNA	double	helix.	The	distance	between	crossovers	to	different	neighbouring	helices	however	alternates	between	10bp	and	 11bp	 as	 illustrated	 in	 Figure	 2.3.	 Because	 an	 insertion	 or	 deletion	 of	 a	 base	 pair	primarily	 exerts	 stress	 on	 the	 nearest	 crossover	 points,	 we	 believe	 that	 it	 makes	 a	difference	whether	 the	modification	 is	 installed	 in	 the	10bp	or	 the	11bp	region.	 In	 the	former	case,	an	insertion	should	push	the	neighbouring	helices	via	the	cross	over	points	towards	 a	 larger	 interhelical	 angle	 (Figure	 2.3a),	 while	 a	 deletion	 should	 pull	 them	towards	a	smaller	angle	(Figure	2.3b).	For	the	latter	case,	the	opposite	situation	should	apply,	with	insertions	pulling	(Figure	2.3c)	and	deletions	pushing	(Figure	3d).	Note	that	this	behaviour	 is	 induced	by	 the	helicity	of	 the	DNA	double	 strand	and	 its	 cross	over,	which	 transfers	 the	 induced	 stress	 and	 strain	 to	 the	 neighbouring	 helices	 in	 opposite	directions	if	produced	in	the	10bp	or	the	11bp	region	(see	arrows	in	Figure	2.3).	We	speculate	that	this	pushing	or	pulling	generates	a	deformation	of	 the	tube	cross	section	from	a	circular	into	an	elliptical	shape	as	illustrated	in	Figure	2.3a	to	Figure	2.3d,	respectively.	This	deformation	then	alters	the	distance	between	the	insertion	or	deletion	and	 the	 bending	 axis	 (dashed	 line	 in	 Figure	 2.3)	 and	 thereby	 affects	 the	 amount	 of	bending	exerted	by	the	insertion	or	deletion.	Following	this	hypothesis,	an	insertion	or	deletion,	 which	 reduces	 the	 distance	 to	 the	 tube’s	 bending	 axis,	 should	 give	 rise	 to	 a	stronger	bending	and	therefore	smaller	rc	and	vice	versa.		
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Figure	2.3:	Dependence	of	the	position	of	base	pair	insertions	and	deletions	on	the	tube’s	
cross	sectional	geometry.	(a)	Insertion	(red)	and	(b)	deletion	(blue)	 installed	 in	the	10bp	
region	of	a	double	helix	segment	within	the	tile	tube’s	repetitive	architecture.	(c)	Insertion	
(red)	and	(d)	deletion	(blue)	 installed	 in	the	11bp	region.	Depending	on	the	position,	 the	
insertion	or	deletion	either	pushes	or	pulls	on	its	neighbouring	helices	via	the	nearby	cross	
over	points.	We	speculate	that	this	pushing	and	pulling	leads	to	a	deformation	of	the	tube’s	
cross	sectional	shape,	which	again	affects	the	amount	of	bending	exerted	by	the	respective	
insertion	or	deletion.				We	tested	this	hypothesis	by	comparing	rc	of	12-	to	4-helix	tile	tubes	with	insertions	in	the	10bp	region	 to	12-	 to	4-helix	 tile	 tubes	with	 insertions	 in	 the	11bp	region	 (Figure	4a).	 Interestingly,	 rc	 was	 always	 smaller	 for	 tubes	with	 insertions	 in	 the	 10bp	 region	(filled	 red	 triangles)	 than	 for	 tubes	 with	 insertions	 in	 the	 11bp	 region	 (empty	 red	triangles).	 The	 opposite	 trend	 was	 observed	 by	 comparing	 12-	 to	 4-helix	 tubes	 with	deletions	in	the	10bp	to	the	respective	tubes	with	deletions	in	the	11bp	regime	(Figure	4b).	Here,	rc	was	always	larger	for	tubes	with	deletions	in	the	10bp	region	(empty	blue	triangles)	than	for	tubes	with	deletions	in	the	11bp	region	(filled	blue	triangles).	These	observations	suggest	that	the	amount	of	bending	present	in	helical	tile	tubes	with	base	pair	insertions	or	deletions	indeed	depends	on	the	position	of	the	insertion	or	deletion	and	follows	the	above-proposed	mechanism.		
	
Figure	2.4:	Dependence	of	the	position	of	base	pair	insertions	and	deletions	on	the	radius	
of	 curvature.	We	observed	 that	 the	 radius	of	 curvature	 rc	 is	 (a)	 continuously	 smaller	 for	
tubes	with	insertions	in	the	10bp	region	(filled	red	triangles)	than	for	tubes	with	insertions	
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in	 the	 11bp	 region	 (empty	 red	 triangles)	 and	 (b)	 continuously	 larger	 for	 tubes	 with	
deletions	 in	 the	 10bp	 region	 (empty	 blue	 triangles)	 than	 for	 tubes	with	 deletions	 in	 the	
11bp	 region	 (filled	 blue	 triangles).	 Reprinted	 by	 permission	 from	 ref.	[94].	 Copyright	
(2017)	American	Chemical	Society.		In	order	to	find	out	whether	this	position-dependent	bending	might	indeed	result	from	a	deformation	 of	 the	 tube´s	 cross	 section,	 we	 compared	 our	 measured	 values	 to	predictions	 from	 the	 DNA	 toy	 model	 assuming	 an	 elliptical	 tube	 shape	 instead	 of	 a	spherical	 shape.	 In	 the	 supporting	 information	 of	 Publication	 P1,	 we	 presented	 first	indications	 for	 12-helix	 tile	 tubes	with	 insertions	 installed	 in	 the	 10bp	 region,	 which	support	this	assumption.	There,	energetic	predictions	of	rc	were	better	in	line	with	the	measured	 data	 if	 an	 elliptical	 shape	 of	𝑟! = 𝑎! + 𝑏! 	with	 a	<	b	 was	 assumed	 (see	Appendix	 A).	 Note	 that	 a	 is	 defined	 as	 the	 minor	 axis	 of	 the	 ellipse	 and	 equals	 the	minimum	distance	from	the	tube’s	bending	axis	(as	illustrated	in	Figure	2.3a).			
	
Figure	 2.5:	 Comparison	 of	 predicted	 and	 measured	 radius	 of	 curvature	 in	 tubes	 with	
position-dependent	base	pair	insertions	or	deletions.	Energetic	predictions	(grey	symbols)	
of	12-	to	4-	helix	tile	tubes	with	(a)	insertions	in	the	10	bp	region	and	(b)	deletions	in	the	
11bp	region	are	closer	 to	 the	experiment	 (filled	 triangles)	 if	an	elliptical	 shape	with	a<b	
(empty	 grey	 square)	 is	 assumed.	 (c)	 For	 insertions	 in	 the	 11	 bp	 region,	 no	 such	 clear	
tendency	 was	 found.	 (d)	 For	 deletions	 in	 the	 10bp	 region	 an	 elliptical	 shape	 with	 a>b	
(empty	grey	diamond)	is	closer	to	the	measured	values.	Note,	however,	that	especially	for	
larger	tubes,	the	measured	data	deviated	strongly	from	the	predictions.		
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To	substantiate	these	observations,	in	Figure	2.5,	we	applied	the	energetic	model	to	all	four	possible	combinations	of	12-	to	4-	helix	tile	tubes	with	insertions	or	deletions	in	the	10bp	or	the	11bp	regime.	We	expected	that	tubes	with	insertions	in	the	10	bp	region	or	with	deletions	in	the	11bp	region	favour	an	elliptical	shape	with	a<b	similar	to	what	we	observed	in	Publication	P1.	Indeed,	we	observed	that	for	insertions	in	the	10bp	(Figure	2.5a)	and	for	deletions	in	the	11bp	region	(Figure	2.5b),	predictions	with	a<b	resembled	the	 measured	 data	 better	 than	 an	 ellipse	 with	 a>b	 or	 a	 circular	 shape	 with	 same	circumference	(a=b).	Note	that	for	a>b,	a	is	defined	as	the	major	axis	of	the	ellipse	and	equals	the	maximum	distance	from	the	tube’s	bending	axis.	For	the	case	of	insertions	in	the	11bp	region	and	deletions	in	the	10bp	region	(Figure	2.5d),	we	 expected	 a	 better	match	 for	 an	 elliptical	 shape	with	a>b.	Here,	 however,	 no	clear	 tendency	could	be	observed.	For	 insertions	 in	 the	11bp	region	 (Figure	2.5c),	 the	measured	data	of	 the	4-,	6-	and	8-helix	 tube	coincided	slightly	better	with	predictions	for	a>b,	and	with	a<b	for	the	10-	and	12-helix	tube.	For	the	case	of	deletions	in	the	10bp	region,	 predictions	 and	 measured	 data	 were	 indeed	 best	 for	 a>b,	 however	 the	 data	deviated	strongly	especially	for	larger	tube	sizes.	These	observations	suggest,	that	apart	from	 the	 buffering	 effect	 and	 the	 elliptical	 tube	 deformation	 other	 factors	 also	influenced	 the	 bending	 of	 the	 DNA	 tile	 tubes.	 In	 the	 future,	 additional	 studies	 are	required	 to	 obtain	 a	 more	 detailed	 picture	 of	 the	 insertion-	 and	 deletion-induced	bending	in	helical	DNA	tile	tubes.	So	far	we	only	considered	how	tube	bending,	which	is	directly	reflected	in	the	radius	of	curvature,	depends	on	the	position	of	base	pair	insertions	and	deletions.	In	order	to	test	whether	the	tube	twist	is	also	affected	by	the	position	of	the	insertions	or	deletions,	we	 constructed	 four	6-helix	 tile	 tubes	with	equal	numbers	of	 insertions	 and	deletions	placed	at	different	positions	in	opposing	helices	of	the	tube’s	cross	section	(Figure	2.6).	From	 geometrical	 reasons,	 we	 expected	 that	 the	 right-handed	 twist	 induced	 by	 the	insertions	cancels	out	the	left-handed	twist	induced	by	the	deletions.	In	contrast	to	the	twist,	 the	 bending	 contributions	 of	 insertions	 and	 deletions	 on	 opposing	 helices,	however,	add	up	[66,	95].	Therefore,	the	tube	should	ideally	only	bend	and	not	twist	and	form	a	ring	structure.	We	tested	the	 four	arrangements	of	6HTs	with	 i)	 insertions	and	deletions	 in	 the	 10bp	 region,	 ii)	 insertions	 and	 deletions	 in	 the	 11bp	 region,	 iii)	insertions	 in	 the	 11bp	 and	 deletions	 in	 the	 10bp,	 and	 iv)	 insertions	 in	 the	 10bp	 and	deletions	in	the	11bp.		Figure	 2.6	 shows	TEM	 images	 of	 all	 four	 arrangements.	 Surprisingly,	 the	 6HT	with	insertions	 in	 the	 10bp	 and	 deletions	 in	 the	 11bp	 region	 (Figure	 6d)	 preferentially	formed	 helical	 structures,	 while	 the	 other	 arrangements	 (Figure	 6a-c)	 preferentially	formed	rings.	This	maintenance	of	an	overall	twist	in	Figure	6d	suggests	that,	similar	to	the	amount	of	bending,	the	strength	of	the	twist	depends	on	the	position	of	the	installed	insertions	and/or	deletions	and	may	differ	substantially	for	different	arrangements.			
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Figure	 2.6:	6-helix	 tile	 tubes	with	position-dependent	base	pair	 insertions	and	deletions.	
6HT	with	(a)	insertions	and	deletions	in	the	10bp	region,	(b)	insertions	and	deletions	in	the	
11bp	 region,	 (c)	 insertions	 in	 the	 11bp	 region	 and	 deletions	 in	 the	 10bp	 region	 and	 (d)	
insertions	in	the	10bp	region	and	deletions	in	the	11bp	region.	Scale	bars:	500nm.				
2.3	Controlling	the	microscale	helical	shape	and	chirality	of	DNA	tile	tubes	
through	tile	shifting		In	the	second	part	of	Publication	P1	(see	chapter	6.1),	we	focused	on	constructing	tubes	with	controlled	microscale	helical	diameter	and	chirality.	This	requires	smaller	amounts	of	bending	and	twisting	than	those	arising	from	single	base	pair	insertions	or	deletions.		To	 achieve	 small	 quantities	 of	 twist,	we	 focused	 on	 the	 reduction	 of	 the	 supertwist	present	 in	 tile	 tubes	 with	 odd	 number	 of	 helices	[93].	 The	 supertwist	 results	 from	 a	discrete	offset	that	an	open	tube	with	odd	number	of	helices	has	to	overcome	in	order	to	close.	Therefore,	if	the	offset	is	reduced,	the	supertwist	of	the	tube	also	becomes	smaller.	
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We	 implemented	 this	reduction	of	 the	offset	 in	a	process	referred	 to	as	 tile	shifting,	in	which	single	tiles	within	the	tube	structure	were	shifted	one	nucleotide	(nt)	position	at	a	time	(Figure	2.7).		
	
Figure	2.7:	Schematic	of	tile	shifting.	(a)	Three	tiles	and	their	respective	sequences	within	
the	original	tile	tube	design.	(b)	A	1nt	tile	shift	(shifted	nucleotide	is	highlighted	in	green)	
results	in	a	shift	of	the	whole	tile	and	all	following	tiles	(green	arrows)	by	one	nucleotide.	
As	 a	 result	 the	 offset	 of	 closure	 also	 changes	 by	 1nt.	 (c)	 Schematic	 of	 the	 reduction	 of	
supertwist	 in	a	13-helix	 tile	 tube	by	 tile-shifting	 three	 tiles	 1nt	at	 a	 time	 (highlighted	 in	
green).	 Reprinted	 by	 permission	 from	 ref.	 [94].	 Copyright	 (2017)	 American	 Chemical	
Society.		Figure	2.7a	exemplarily	demonstrates	the	nucleotide	sequences	of	three	tiles	within	the	original	 tile	 tube	 design.	 If	 a	 tile	 is	 shifted	 by	 1	nt	 (as	 illustrated	 in	 Figure	 2.7b),	 all	following	tiles	also	shift	by	1	nt,	which	in	turn	leads	to	a	1	nt	shift	of	the	offset	of	closure.	Figure	 2.7c	 exemplarily	 illustrates	 a	 13-helix	 tile	 tube	 with	 three	 1	nt	 tile	 shifts	(highlighted	in	green).	Compared	to	a	13HT	without	tile	shift,	here	the	offset	of	closure	is	reduced	by	3	nt.	In	Publication	P1,	we	presented	tile	tubes	with	tile	shifts	of	up	to	7	nt	(see	 chapter	 6.1).	 This	 stepwise	 reduction	 of	 the	 offset	 of	 closure	 provided	 us	with	 a	fine-control	over	the	amount	of	twist	in	the	tube	structure.		In	order	to	achieve	small	amounts	of	bending,	we	modified	tile	tubes	with	CY3	dyes.	Cy3	modifications,	 which	 are	 installed	 close	 to	 a	 DNA	 duplex	 nick,	 are	 known	 to	 act	similar	to	base	pair	insertions	and	introduce	a	certain	amount	of	bending	and	twisting	to	the	 tube	 structure	[97,	 98].	 In	 Publication	P1,	 we	 observed	 that	 Cy3-induced	 bending	and	twisting	is	substantially	lower	than	that	exerted	by	base	pair	insertions	and	resulted	in	 microscale	 tube	 diameters	 (see	 chapter	 6.1).	 Such	 modifications	 are	 therefore	promising	for	the	construction	of	tubes	with	small	and	defined	quantities	of	bending.	By	 combining	 both	 techniques,	 the	 supertwist	 fine-control	 and	 the	 Cy3-induced	bending,	 we	 were	 able	 to	 construct	 helical	 tile	 tubes	 with	 controllable	 microscale	diameter	 and	 chirality.	 In	 Figure	 2.8,	 examples	 of	 Cy3-modified	 tile-shifted	 11HTs	(Figure	2.8a),	13HTs	(Figure	2.8b)	and	15HTs	(Figure	2.8c)	with	microscale	diameters	are	 shown.	 The	 chirality	 of	 the	 tube	was	 determined	 via	 fluorescence	microscopy	 by	taking	 “tomographic	 slices”	 of	 the	 structure.	 This	 technique	 also	 allowed	 us	 to	reconstruct	the	3D	shape	of	the	structure	as	illustrated	for	13HTs	with	2	nt	tile	shift	in	Figure	2.8d.		
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Figure	 2.8:	 DNA	 tile	 tubes	 with	 microscale	 helical	 diameter.	 Fluorescence	 microscopy	
images	of	(a)	an	11-helix	tile	tube	with	3nt	tile	shift,	(b)	a	13-helix	tile	tube	with	2nt	tile	
shift	and	 (c)	a	15-helix	 tile	 tube	with	1nt	 tile	 shift.	 (d)	3D	 reconstruction	of	13-helix	 tile	
tubes	with	2nt	tile	shift.	Scale	bars:	5µm.	Reprinted	by	permission	from	ref.	[94].	Copyright	
(2017)	American	Chemical	Society.		In	 Publication	 P1,	 tile	 shifting	 was	 only	 applied	 to	 selected	 tiles	 by	 1	nt	 at	 a	 time.	 In	general,	however,	a	 shift	of	up	 to	21nt	 (half	 the	 length	of	 the	 tile	 sequence)	per	 tile	 is	conceivable	before	a	 recurrence	 in	 the	design	occurs.	The	 reason	 for	 the	 self-imposed	restriction	lied	in	the	relationship	between	tile	shifting	and	the	cross	sectional	geometry	of	the	tile-shifted	tube.		Besides	the	tile’s	relative	position	within	the	tube	design,	tile	shifting	also	affects	the	position	 of	 the	 DNA	 cross	 overs	 and	 thereby	 the	 interhelical	 angle	 between	neighbouring	 helices	 (Figure	 2.9).	 In	 the	 original	 tile	 tube	 design	 [61],	 the	 angles	between	neighbouring	helices	alternate	between	13°	and	47.3°	as	 illustrated	 for	a	12-helix	tile	tube	in	Figure	2.9a.	This	deliberate	choice	of	angles	guaranteed	that	the	tubes	formed	a	 curved	ribbon	with	a	 total	 interhelical	 angle	of	𝜃 = 𝑛!"" ⋅ 13°+ 𝑛!"!# ⋅ 47.3°,	allowing	 the	 structure	 to	 easily	 close	 into	 a	 tube.	 In	 Publication	 P1,	 we	 only	 shifted	selected	tiles	by	1nt,	so	that	the	respective	interhelical	angle	between	the	corresponding	helices	 changed	 from	 47.3°	 to	 13°	 (Figure	 2.9b).	 Although	 this	 1nt	 tile	 shift	 slightly	altered	 the	 total	 interhelical	 angle	 of	 the	 tube,	 it	 did	 not	 change	 the	 direction	 of	curvature	of	the	tube	before	closure.	We	believe	that	this	kind	of	tile	shifting	 therefore	did	not	influence	the	successful	tube	formation.	In	contrast,	however,	a	tile	shift	by	2nt	would	already	result	in	a	negative	interhelical	angle	of	-21.3°,	a	shift	by	3nt	in	an	angle	of	-55.6°	(Figure	2.9c).	We	expected	such	tile	shifts	to	hinder	a	correct	tube	formation	or	to	strongly	 deform	 the	 circular	 tube	 shape	 and	 therefore	 did	 not	 consider	 them	 for	 the	construction	of	tile-shifted	helical	tubes	in	Publication	P1.		It	 is	however	worth	noting	 that	 tile	shifting	with	negative	 interhelical	angles	can	be	appropriately	used	if	all	 interhelical	angles	within	a	tube	are	negative.	We	exemplarily	
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constructed	a	6-helix	and	a	7-helix	tile	tube	with	alternating	interhelical	angles	of	-21,3°	and	-55.6°	as	illustrated	in	Figure	2.9d.	The	tiles	formed	well-assembled	tubes	of	several	micrometer	in	length	(see	Appendix	C	for	oligonucleotide	sequences	and	TEM	images	of	the	assembled	tube	structures).	Interestingly,	due	to	the	strong	tile	shifting,	the	6HT	had	to	 overcome	 a	 large	 offset	 of	 10bp	 and	 should	 therefore	 posses	 a	 strong	 supertwist,	while	 the	 7HT	 should	 have	 folded	 with	 almost	 zero	 offset.	 Furthermore,	 due	 to	 the	opposing	 direction	 of	 tube	 closure,	 it	 is	 likely	 that	 these	 tubes	 exhibit	 a	 vice	 versa	
supertwist	chirality	than	tubes,	which	fold	with	positive	interhelical	angles.	This	feature	could	make	this	class	of	tile	tubes	an	interesting	alternative	for	the	constructing	of	DNA	tubes	with	defined	chirality.			
	
Figure	 2.9:	 Relation	 between	 tile-shifting	 and	 interhelical	 angle.	 (a)	 In	 the	 original	 tile	
tube	design	by	Yin	et	al.	[61],	angles	between	neighbouring	helices	alternate	between	43.7°	
and	13°.	(b)	A	1	nt	tile	shift	as	applied	throughout	this	work	changes	the	angle	from	43,7°	
to	13°,	maintaining	the	direction	of	curvature.	(c)	Tile	shifting	by	more	than	1	nt	within	the	
same	tile	sequence,	however,	can	result	in	negative	interhelical	angles	(2nt	=	-21°;	3nt	=-
55.6°).	 d)	 Tile	 scheme	 for	 a	 6HT	 and	 a	 7HT	 constructed	 with	 alternating	 negative	
interhelical	 angles	 of	 -21°	 and	 -55.6°.	d)	Tile	 shifting	 in	 the	 opposite	 direction	along	 the	
tube´s	primary	axis	results	in	increased	interhelical	angles	(-1	nt	=	81.6°;	-2	nt	=	115.9°).			Another	conceivable	 strategy	 is	 to	 shift	 tiles	 in	 the	opposite	direction	along	 the	 tube’s	primary	axis.	For	example,	a	tile	shift	by	-1	nt	would	result	in	an	increased	angle	of	81.6°,	by	 -2	nt	 in	 an	 angle	 of	 115.9°	 (Figure	 9d).	 Although,	 these	 angles	 keep	 the	 overall	curvature	same,	they	would	drastically	increase	the	total	 interhelical	angle	of	the	tube.	For	 example	 a	 10-helix	 tile	 tube	 with	 two	 tile	 shifts	 of	 -1nt	 already	 has	 a	 total	interhelical	 angle	 of	𝜃 = 4 ⋅ 13°+ 4 ⋅ 47.3°+ 2 ⋅ 81.6° = 404.4°	before	 closure,	which	 is	larger	 than	 that	 of	 the	 closed	 tube	 (360°).	 Such	 conformations	 are	 therefore	 likely	 to	hinder	 the	 correct	 formation	 of	 the	 tube,	 which	 is	 why	 we	 excluded	 them	 from	 our	studies.	However,	 for	tubes	consisting	of	few	helices,	which	would	only	exhibit	a	small	total	interhelical	angle,	such	tile	shifting	could	be	applied	in	a	meaningful	way.	
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2.4	Combining	base	pair	insertions/deletions,	tile	shifting	and	Cy3	
modifications	in	DNA	tile	tubes		In	order	to	control	the	helical	shape	of	DNA	tile	tubes,	we	so	far	either	installed	base	pair	insertions	and/or	deletions	to	straight	tile	tubes	or	applied	tile	shifting	to	Cy3-modified	
supertwisted	tile	tubes.	In	what	follows,	we	will	demonstrate	that	these	methods	can	also	be	combined,	thereby	giving	an	even	greater	freedom	of	design	for	the	construction	of	helical	tile	tubes.		As	 demonstrated	 in	 Publication	P1	 (see	 chapter	 6.1),	 a	 switch	 of	 the	 chirality	 from	left-	 to	 right-handedness	 in	 tile-shifted	 Cy3-modified	 13HTs	 occurred	 at	 a	 tile	 shift	 of	~4	nt.	We	believe	that	at	this	amount	of	tile	shift,	the	left-handed	supertwist	and	the	Cy3-induced	 right-handed	 twist	 almost	 balanced	 each	 other.	 The	 result	 was	 a	 remaining	small	overall	twist,	which	led	to	a	large	helical	diameter	of	the	tube’s	shape.		In	order	to	figure	out,	whether	such	a	change	in	the	chirality	of	supertwisted	tubes	can	also	be	provoked	by	a	base	pair	insertion,	we	installed	an	insertion	into	the	left-handed	13HT	with	2nt	tile	shift.	Without	insertion,	this	structure	exhibited	a	left-handed	chiral	shape	with	microscale	 diameter	 (see	 chapter	 6.1).	With	 insertion,	 however,	 the	 same	structure	 turned	 out	 to	 be	 right-handed	 as	 illustrated	 by	 “tomographic”	 slices	 taken	slightly	 below	 and	 above	 the	 center	 of	 the	 tube’s	 primary	 axis	 (Figure	 2.10a).	 This	demonstrates	that	base	pair	insertions	and	tile	shifting	are	compatible	and	can	be	used	simultaneously	to	define	the	helical	shape	of	the	DNA	tile	tube.		
	
	
Figure	2.10:	Base	pair	insertion-induced	switching	of	the	chirality	of	tile-shifted	tubes.	(a)	
Tomographic	slices	of	a	13HT	with	2	nt	tile	shift	and	a	base	pair	insertion	revealed	a	right-
handed	chirality.	Note	that	without	base	pair	insertion,	the	tube	had	a	left-handed	chirality	
as	shown	in	Figure	7b.	(b)	A	13HT	without	tile	shift,	obtained	a	visible	left-handed	chiral	
shape	when	 an	 additional	 base	 pair	was	 installed.	 (c)	 A	 13HT	with	 2nt	 tile	 shift	 lost	 its	
visible	helical	shape	when	a	base	pair	deletion	was	installed.	Scale	bars:	2µm		Another	 example	 of	 the	 applicability	 of	 combining	 both	 techniques	 is	 illustrated	 for	 a	13HT	without	tile	shift.	The	helical	shape	of	this	structure	was	too	small	to	be	resolved	via	 fluorescence	 microscopy,	 which	 made	 it	 impossible	 to	 determine	 its	 chirality.	 By	installing	a	base	pair	insertion,	however,	we	were	able	to	make	a	microscale	left-handed	
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shape	 visible	 (Figure	 2.10b).	 This	 observation	 suggests	 that	 the	 chirality	 of	 the	 13HT	was	 left-handed	 before	 base	 pair	 insertion	 and	 that	 the	 right-handed	 twist	 of	 the	insertion	 reduced	 the	 overall	 twist	 in	 the	 structure,	 thereby	 increasing	 its	 helical	diameter.	 On	 the	 other	 hand,	 if	 the	 13HT	 was	 right-handed	 prior	 to	 the	 base	 pair	installation,	the	overall	twist	should	have	increased	by	the	additional	base	pair,	resulting	in	an	even	smaller	helical	diameter	impossible	to	visualize	by	light	microscopy.	In	 order	 to	 substantiate	 this	 assumption,	we	 installed	 a	 base	 pair	 deletion	 into	 the	left-handed	 13HT	 with	 2	nt	 tile	 shift.	 Without	 deletion,	 this	 structure	 exhibited	 a	microscale	 helical	 diameter,	which	was	 visible	 via	 light	microscopy	 (see	 chapter	 6.1).	After	 installing	 the	 base	 pair	 deletion,	 however,	 the	 diameter	 became	 so	 small	 that	 it	could	 no	 longer	 be	 resolved	 (Figure	 2.10c).	 This	 observation	 suggests	 that	 the	 left-handed	twist	from	the	deletion	increased	the	already	present	left-handed	twist	and	led	to	a	decrease	in	the	helical	diameter	of	the	tube,	vice	versa	to	what	we	observed	for	the	base	pair	insertion	in	the	13HT	without	tile	shift.	Another	promising	approach	 for	 the	designed	construction	of	helical	 tile	 tubes	 is	 to	combine	 the	 Cy3-induced	 right-handed	 twist	 with	 the	 insertion-	 or	 deletion-induced	twist	 in	 straight	 tile	 tubes	 with	 even	 number	 of	 helices.	 As	 described	 earlier,	 Cy3-modifications	add	a	small	amount	of	bend	and	right-handed	twist	to	DNA	tile	tubes	[93].	They	can	 therefore	be	used	 to	 reduce	 the	 total	 twist	 in	 tubes	with	 left-handed	or	vice	versa	increase	the	twist	in	tubes	with	right-handed	chirality.	Figure	2.11a	shows	a	Cy3-modified	 8-helix	 tile	 tube	 with	 one	 base	 pair	 deletion.	 Compared	 to	 the	 unmodified	structure,	which	exhibited	a	radius	of	curvature	of	only	~	266	nm,	the	helical	diameter	increased	drastically	and	became	visible	via	fluorescence	microscopy.	Surprisingly,	 the	Cy3	modifications	 even	 affected	 the	 chirality	 of	 the	 structure.	 The	 Cy3-modified	 8HT	with	deletion	showed	a	right-handed	helical	shape,	in	contrast	to	a	left-handed	chirality	one	would	expect	for	tile	tubes	with	deletion.	These	observations	lead	us	to	believe	that	the	right-handed	Cy3-induced	twist	slightly	exceeded	the	 left-handed	deletion-induced	twist,	resulting	in	a	small	overall	right-handed	twist,	which	led	to	the	large	diameter	of	the	helical	structure.			
	
	
Figure	2.11:	Base	pair	deletion-induced	 increase	of	 the	helical	diameter	of	Cy3-modified	
tubes.	 (a)	 Tomographic	 slices	 of	 a	 Cy3-modified	 8-helix	 tile	 tube	 with	 one	 deletion	
exhibiting	 a	 visible	 right-handed	 chirality.	 (b)	 Comparison	 of	 an	 unmodified	 and	 Cy3-
modified	8-helix	tile	tube	with	one	base	pair	insertion.	With	Cy3,	the	radius	of	curvature	is	
~	2	times	smaller	than	without	Cy3	modification.		
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Vice	versa,	in	the	case	of	an	8HT	with	one	insertion,	the	Cy3-modifications	reduced	the	radius	 of	 curvature	 in	 comparison	 to	 the	 unmodified	 structure	 as	 observed	 by	 TEM	(Figure	 2.11b).	 Rc	 extracted	 from	 the	 Cy3-modified	 structures	 was	 nearly	 2	times	smaller	than	for	tubes	without	modifications.	These	observations	suggest	that	the	Cy3-induced	twist	and	the	insertion/deletion-induced	twist	can	be	applied	simultaneously	in	a	controlled	manner	to	shape	the	tube’s	helical	structure.			
2.5	Conclusions	and	Outlook			One	of	the	major	trends	in	nanotechnology	is	to	produce	complex	nanostructures	with	precise	 control	 over	 their	 size	 and	 shape	[50].	 Especially	 basic	 three-dimensional	geometries	 such	 as	 spheres,	 cubes,	 cylinders,	 tubes	 or	 helices	 are	 required	 building	blocks	 for	 the	 construction	 of	 advanced	 materials	 and	 their	 resulting	 applications.	Throughout	 this	 chapter,	 we	 introduced	 a	 variety	 of	 novel	 design	 rules	 for	 the	construction	 of	 helically	 shaped	 DNA	 tile	 tubes	 from	 a	 simple	motif	 requiring	 only	 a	handful	of	single	stranded	DNA	oligonucleotides.	For	the	construction	of	tile	tubes	with	nanoscale	helical	diameters,	we	incorporated	base	 pair	 insertions	 and	deletions	 into	 particular	DNA	double	 strands	 of	 the	DNA	 tile	tubes	similar	to	what	was	previously	shown	for	DNA	origami	[66].	For	the	construction	of	tile	tubes	with	microscale	helical	diameters	and	chirality,	we	combined	a	novel	design	technique,	 the	 so-called	 tile	 shifting,	 with	 the	 planned	 placement	 of	 Cy3	 dyes	 on	 the	tubes.	We	finally	demonstrated	that	base	pair	insertions/deletions,	tile	shifting	and	Cy3	modifications	can	also	be	applied	simultaneously	and	in	a	controlled	fashion.	This	gives	researchers	an	even	greater	freedom	in	shaping	the	tile	tube’s	helical	structure.	In	future	work,	 the	here-proposed	design	rules	deserve	additional	attention	 to	 fully	understand	and	exploit	the	underlying	mechanisms.	We	 believe	 that	 in	 upcoming	 applications	 our	 helical	 DNA	 nanotubes	 can	 serve	 as	nanosprings,	providing	materials	with	extraordinary	elastic	properties	[80,	85,	87]	and	strength	[88].	Therefore,	additional	studies	that	measure	the	mechanical	characteristics	of	the	helical	tubes	such	as	force	spectroscopy	are	required.		Nanotubes	with	nanoscale	helical	diameters	could	 further	enhance	the	 functionality	of	 devices,	 which	 use	 the	 assembled	 structure	 as	 a	 template.	 For	 example,	 plasmonic	gold	 nanoparticles,	 which	 are	 assembled	 in	 a	 chiral	 conformation	 on	 DNA	nanostructures	 are	 known	 to	 alter	 the	 polarization	 of	 light	 waves	[68].	 Our	 chiral	nanotubes	could	extend	the	spectrum	of	such	DNA-based	plasmonic	devices.	Tile	 tubes	with	microscale	 diameters,	 on	 the	 other	 hand,	 could	 be	 applied	 in	 fields	that	 require	 components	 of	 microscale	 dimensions.	 For	 example,	 artificial	microswimmers	 make	 us	 of	 filaments	 with	 microscale	 helical	 diameters	 to	 achieve	propulsion.	 Such	 artificial	 devices	 are	 envisioned	 for	 biomedical	 applications	 where	biocompatibility	 of	 the	 components	 plays	 a	 crucial	 role.	 Here,	 our	 micrometer-sized	helical	 constructs	 made	 solely	 from	 biocompatible	 DNA	 could	 be	 advantageous	 over	
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non-biocompatible	materials.	 In	 the	 following	 chapter,	we	will	 demonstrate	 how	DNA	tile	tubes	can	be	used	to	construct	artificial	DNA-flagellated	microswimmers.			
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3.	 Magnetic	 Propulsion	 of	 Microswimmer	 with	 DNA-based	
Flagellar	Bundles			In	comparison	to	the	phoretic	propulsion	of	artificial	micro-	and	nanoswimmers,	which	exploits	 electric,	 chemical,	 or	 thermal	 gradients	 in	 the	 surrounding	 environment	[42-44],	 magnetic	 actuation	 has	 proven	 to	 be	 especially	 beneficial	 due	 to	 its	 highly	biocompatible	external	energy	supply	and	distant	remote	control.		The	 first	 prototype	 of	 a	 magnetic	 helical	 low	 Reynolds	 number	 swimmer	 was	proposed	by	Honda	et	al.	in	1996	[99].		The	centimetre	tall	swimmer	was	able	to	swim	in	a	highly	viscous	fluid	and	could	be	actuated	from	afar	by	an	external	rotating	magnetic	field.	 In	 2005	 the	 same	 group	 reduced	 the	 size	 of	 the	 swimmer	 down	 to	 a	 few	millimetres,	which	enabled	the	controlled	swimming	in	a	narrow	fluidic	channel	[100].	In	 the	 same	 year,	 the	 first	 microswimmer	 with	 flexible	 artificial	 flagellum	 was	demonstrated	 by	 Dreyfus	 et	 al.	[19].	 In	 their	 work,	 they	 induced	 the	 self-assembly	 of	magnetic	particle	chains	via	DNA	strands	through	an	applied	external	field.	By	attaching	a	payload	to	one	end	of	the	chain	and	applying	an	oscillating	magnetic	field,	a	symmetry	breaking	in	the	chains	movement	led	to	the	actuation	of	the	swimmer.	The	first	magnetic	helical	microswimmer	was	presented	 in	2007	by	Bell	et	al.	[25].	 It	had	a	 length	of	30-40	µm	 and	 consisted	 of	 a	 magnetic	 head	 structure	 attached	 to	 a	 rigid	 helical	 tail	fabricated	by	self-scrolling.	In	2009,	Ghosh	et	al.	were	able	to	further	reduce	the	size	of	helical	microswimmers	 to	 only	 a	 few	micrometres	 in	 length	[20].	 They	 constructed	 a	glass	propeller	that	was	fabricated	by	glancing	angle	deposition	(GLAD)	and	magnetized	by	the	deposition	of	a	cobalt	layer	and	subsequent	magnetization	along	the	helical	axis.	Although	their	swimmer	was	only	a	few	micrometers	long,	it	could	be	manoeuvred	in	a	controlled	 fashion	along	a	programmed	path.	 In	2012,	direct	 laser	writing	 (DLW)	was	introduced	to	fabricate	the	first	functional	helical	microswimmers	with	a	microholder	at	one	end	of	the	structure	that	allowed	the	controlled	transportation	of	microbeads	[21].	In	2014,	Schamel	et	al.	produced	the	first	nanoscale	swimmer,	which	was	able	to	propel	in	viscoelastic	media	[24].				
3.1	Magnetic	actuation	of	helical	artificial	swimmers		The	most	common	mode	of	propulsion	for	magnetic	micro-	and	nanoswimmer	in	highly	viscous	fluids	is	by	rotating	a	rigid	helical	shape,	which	then	performs	a	corkscrew-like	motion	 as	 illustrated	 in	 Figure	 3.1a.	 This	 movement	 is	 non-reciprocal	 in	 time	 and	therefore	fulfils	the	physics	of	low	Reynolds	number	swimming	at	small	scales	[5].	The	rotation	is	usually	provided	by	an	external	rotating	magnetic	field,	which	exerts	a	torque	on	the	magnetic	moment	of	 the	swimmer	whenever	the	external	 field	and	the	 internal	magnetic	moment	are	not	parallel.		
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	 𝜏 = 𝑚 ×𝐵 = 𝑚𝐵 sin𝜃 	 (3.1)		Here,	𝑚	is	the	magnetic	moment	of	the	particle	and	𝐵	the	external	magnetic	field.		The	rotation	around	the	helical	axis	is	then	transformed	into	a	translational	movement	perpendicular	to	the	rotating	field.		 	
	
Figure	 3.1:	 Propulsion	mechanisms	 of	 artificial	 microswimmers	 actuated	 by	 a	 rotating	
magnetic	field.	Schematics	of	an	actuated	microswimmer	with	(a)	a	rigid	helical	filament	
and	with	(b)	a	flexible	filament.	While	the	motion	of	a	rigid	helical	filament	already	fulfils	
the	requirements	of	low	Reynolds	number	swimming	when	rotated,	a	flexible	filament	first	
needs	to	bend	into	a	helical	shape	in	order	to	generate	propulsion.		Propulsion	in	a	corkscrew-like	manner	can	also	be	achieved	when	a	flexible	filament	is	deformed	 into	 a	 helical	 shape	 (Figure	 3.1b).	 In	 publication	 P2	 (see	 chapter	 6.2),	 we	presented	a	new	class	of	microswimmers,	which	 is	actuated	by	such	 flexible	 filaments	constructed	solely	 from	DNA.	The	artificial	DNA	 filaments	were	coupled	 to	a	magnetic	bead	 of	 considerable	 greater	mass	 and	 exerted	 to	 an	 external	 rotating	magnetic	 field.	The	hydrodynamic	drag	 acting	on	 the	 filament	bundle	 then	bent	 the	 structures	 into	 a	helical	shape	[22,	23].	In	 contrast	 to	 rigid	 helical	 filaments,	 which	 are	 usually	 made	 out	 of	 inorganic	materials,	our	DNA	-	flagellated	microswimmers	combine	biocompatible	materials	with	the	advantages	of	helical	propulsion	(such	as	fast,	controlled,	and	directed	steering).	The	following	chapter	will	give	a	quick	summary	of	the	main	results	of	Publication	P2.	The	full	text	is	provided	in	chapter	6.2.			
3.2	Construction	and	propulsion	of	microswimmers	with	DNA-based	
flagellar	bundles		For	the	construction	of	the	artificial	flagella,	we	applied	the	DNA	tile	tube	assembly	[61]	as	described	in	detail	in	chapter	2.	After	the	assembly,	the	artificial	flagella	were	coupled	via	biotin-functionalized	DNA	strands	to	streptavidin-modified	1µm	magnetic	particles	
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yielding	 magnetic	 particle	 -	 DNA	 flagella	 hybrids	 (Figure	 3.2a).	 In	 order	 to	 allow	visualization	of	the	tubes	via	fluorescence	microscopy,	we	modified	the	tubes	with	Cy3	dyes.	 Figure	 3.2	 shows	 three	 different	 types	 of	 artificial	 microswimmers	 exhibiting	straight	 (Figure	 3.2b)	 and	 helically	 shaped	 filaments	 of	 nano-	 (Figure	 3.2c)	 and	microscale	(Figure	3.2d)	helical	diameters	constructed	by	this	method.			
		
Figure	3.2:	Construction	of	magnetic	microswimmers	with	artificial	DNA	flagella.	(a)	
Schematic	of	DNA	flagella	attached	to	a	1	µm	magnetic	particle.	Fluorescence	microscopy	
images	of	artificial	microswimmers	exhibiting	(b)	straight	flagella,	(c)	flagella	of	
nanometre-sized	helical	diameter,	and	(d)	flagella	of	micrometer-sized	helical	diameter.	
Scale	bars:	2µm.	Reprinted	by	permission	from	ref.	[27].	Copyright	(2016)	American	
Chemical	Society.	
	The	 hybrid	 constructs	were	 then	 actuated	 by	 a	 rotating	 homogeneous	magnetic	 field.	The	 field	was	generated	by	a	 three	axis	Helmholtz	 coil	 setup,	which	was	 incorporated	into	 a	 fluorescence	 microscope	 to	 allow	 simultaneous	 imaging	 and	 actuation	 of	 the	structures.	 In	 order	 to	 suppress	 unwanted	 drift,	 we	 sealed	 the	 glass	 chamber	 that	contained	the	artificial	swimmer’s	solution	(see	Appendix	B	for	materials	and	methods).		The	 rotation	 of	 the	 magnetic	 bead	 led	 to	 a	 bundling	 of	 the	 attached	 straight	 and	nanoscale	helical	filaments	along	the	rotation	axis,	similar	to	what	was	reported	for	the	propulsion	 of	 flagellated	 bacteria	[10],	 while	 the	 filaments	 of	 microscale	 helical	diameters	from	Figure	3.2d	refused	to	bundle	properly.			Structures,	which	successfully	formed	a	bundle	on	only	one	side	of	the	bead,	started	to	propel	head	first	with	propulsion	speeds	of	up	to	0.6	µm/s	as	illustrated	in	Figure	3.3.	The	dimensionless	speed	of	our	artificial	microswimmers	(~	1/10	of	a	body	length	per	turn)	 corresponds	well	 to	 that	 of	 flagellated	E.	coli	 bacteria	[14].	 However,	 due	 to	 the	lower	persistence	length	of	the	applied	DNA	tile	tubes	[93]	compared	to	that	of	bacterial	flagella	[101],	we	were	not	able	to	propel	the	swimmers	at	equal	rotational	frequencies	to	those	found	in	bacterial	flagellation.	Above	3Hz	our	artificial	flagella	bundles	lost	their	chiral	shape,	which	resulted	in	a	loss	of	propulsion	efficiency.			
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Figure	3.3:	Locomotion	of	a	microswimmer	driven	by	a	DNA	flagellar	bundle.	Schematic	
and	respective	fluorescence	microscopy	images	show	a	full	rotation	of	the	microswimmer	
with	artificial	flagella	bundle.	The	rotation	is	generated	by	a	homogeneous	magnetic	field,	
which	rotates	perpendicular	to	the	propulsion	direction.	Scale	bar:	5µm.			By	changing	the	rotation	axis	of	the	external	magnetic	field,	we	were	able	to	control	the	swimming	 direction	 of	 the	 artificial	 microswimmers.	 We	 illustrated	 this	 controlled	steering	by	making	the	swimmer	perform	a	U-turn.	Similar	to	the	swimming	of	bacteria	near	 surfaces	[102],	 we	 observed	 that	 our	 artificial	 microswimmer	 slightly	 drifted	perpendicular	 to	 the	rotation	axis	due	 to	hydrodynamic	 interactions	with	 the	close-by	glass	chamber.	Run-and-tumble	behaviour	as	found	in	the	flagellation	of	multiflagellated	bacteria	[103],	however,	could	not	be	observed.	In	this	process,	the	instant	change	in	the	rotation	of	helical	filaments	results	in	an	opening	of	the	bacteria’s	flagellar	bundle.	We	tried	to	mimic	this	behaviour	by	spontaneously	switching	the	rotation	direction	of	 the	external	 magnetic	 field.	 Unlike	 in	 bacteria,	 however,	 our	 artificial	 bundle	 remained	closed	 and	 continued	propelling	 the	microswimmer	 along	 the	 rotation	 axis	 even	 after	the	rotation	direction	was	switched	(for	additional	information	and	images	please	refer	to	chapter	6.2).		Examination	 of	 the	 intensity	 profile	 of	 the	 cross-linked	 bundles	 via	 fluorescence	microscopy	 revealed	 that	 our	 bundles	 consist	 of	 flagella	 of	 different	 lengths,	 which	results	 in	an	exponentially	decreasing	 stiffness	of	 the	bundle.	Because	a	 similar	 shape	was	 also	 found	within	 bacterial	 flagellar	 bundles,	 which	 become	 thinner	 towards	 the	bundle	 ends,	 we	 closely	 examined	 the	 relation	 between	 the	 bundle	 stiffness	 and	 the	propulsion	 efficiency	 of	 our	 microswimmer.	 In	 collaboration	 with	 the	 group	 of	 Prof.	Erwin	Frey,	we	therefore	modelled	the	artificial	bundle	as	a	rod	with	length-dependent	bending	 modulus	 and	 compared	 different	 cases	 of	 bundle	 stiffness.	 We	 found	 that	compared	 to	 the	 case	 of	 constant	 stiffness,	 swimmers	 driven	 by	 a	 bundle	 of	 variable	stiffness	achieved	higher	swimming	speeds	for	nearly	all	parameters	tested.	This	means	that	our	construction	technique	yields	artificial	flagella	bundle,	which	are	advantageous	over	 single	 or	 multiple	 appendages	 with	 constant	 stiffness.	 Furthermore,	 the	 model	allowed	us	to	closely	predict	the	swimming	speed	of	our	artificial	microswimmers	from	simple	geometric	parameters	extracted	from	the	movie	of	the	propelled	swimmers.	This	makes	 the	 model	 a	 helpful	 tool	 for	 future	 improvements	 of	 our	 DNA	–	flagellated	microswimmers	(for	additional	information		and	images	please	refer	to	chapter	6.2).				 	
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3.3	Conclusions	and	Outlook		We	 demonstrated	 that	 biocompatible	 artificial	 flagella	 with	 designed	 shape	 could	 be	constructed	solely	from	DNA.	The	artificial	DNA	filaments	had	sizes	similar	to	those	of	small	bacteria	and	exhibited	equal	helical	shapes.	Coupling	of	the	filaments	to	magnetic	particles	 yielded	 a	 new	 class	 of	 artificial	 biocompatible	 microswimmers,	 which	 were	actuated	 by	 a	 rotating	 external	 magnetic	 field.	 The	 induced	 rotation	 of	 the	 magnetic	particle	 resulted	 in	 bundle	 formation	 of	 the	 artificial	 DNA	 flagella,	 which	 drove	 the	particles	 forward	 and	 allowed	 steering	 of	 the	 swimmers	 along	 a	 complex	 path.	 The	mechanism	 behind	 the	 propulsion	 were	 described	 by	 a	 theoretical	 model,	 which	revealed	that	our	flagellar	bundles	with	decreasing	bending	stiffness	provide	propulsion	speeds	widely	advantageous	over	appendages	with	constant	stiffness.	We	believe	 that	 in	 future	 studies,	 insights	 gained	 from	both	model	 and	experiment	will	 allow	 researchers	 to	 gain	optimal	 swimming	 features	 for	bundle	-	driven	 artificial	microswimmers,	 such	as	 improving	 the	speed	or	mimicking	bacteria’s	 run-and-tumble	behaviour.	Furthermore,	our	structures	may	find	their	way	into	nanorobotic	devices	for	non-invasive	biomedical	 therapies	[38,	48]	and	 into	other	 fields	of	nanoengineering	as	envisioned	more	than	half	a	century	ago	by	Richard	Feynman	[1].	The	here-described	swimmers	are	located	in	the	micrometer	scale,	where	propulsion	by	reciprocal	motion	is	known	for	a	variety	of	microorganisms.	In	the	nanoscale	regime,	however,	 no	 natural	 swimmers	 exist	[104]	 that	 can	 serve	 as	 a	 blueprint	 for	 the	construction	 of	 nanoscale	 swimmers.	 In	 the	 following	 chapter,	we	will	 enter	 this	 size	regime	and	examine	construction	techniques	and	the	hurdles	that	have	to	be	overcome	to	achieve	propulsion	at	such	small	scales.					 	
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4.	 DNA-based	 nanoswimmers	 for	 enhanced	 diffusive	
swimming		At	the	nanoscale,	the	effects	of	thermal	fluctuations	play	an	increasingly	important	role	in	 the	 dynamics	 of	 artificial	 swimmers	[105].	 Gosh	 et	 al.	 numerically	 determined	 the	minimum	 length	 of	 an	 effectively	 propelled	 chiral	 swimmer	 to	 be	 ~	900	nm	 in	length	[106].	Below	this	value,	the	effects	of	Brownian	motion	become	strong	enough	to	prevent	directed	motion.	These	simulations	are	in	agreement	with	the	smallest	observed	length	of	actively	propelled	 living	organisms	(~	800nm)	[104].	Recently,	Schamel	et	al.	realized	 a	 400	nm	 helical	 nanoswimmer	 that	 could	 be	 controllably	 steered	 through	 a	biological	 viscoelastic	 gel	[24].	 In	 aqueous	 solutions,	 however,	 their	 swimmers	 were	subjected	 to	 the	 strong	 randomizing	 forces	 of	 Brownian	motion	 and	 did	 not	 actively	propel.	As	active	propulsion	 is	unfeasible	at	 these	small	 scales,	diffusion	becomes	 the	main	mechanism	 to	 achieve	 displacement	 [107].	 Artificial	 nanoswimmers,	 which	 are	envisioned	 to	 enter	 cells	 or	 provide	 direct	 interaction	 with	 the	 cell	 surface	[108],	therefore	 need	 to	 exploit	 the	 diffusion	 to	 achieve	 propulsion.	 Lauga	 et	 al.	 recently	showed	 that	 reciprocally	 actuated	particles	 have	 an	 enhanced	diffusion,	which	 can	 be	several	 orders	 of	 magnitude	 higher	 than	 similar	 objects,	 which	 undergo	 Brownian	motion	only	[109].	Thus	actuation	can	be	important	for	motility	even	if	directed	motion	fails.	 Enhanced	 diffusion	 has	 been	 observed	 for	 micron-sized	 marine	 bacterial	species	[109],	 for	 nanoparticles	 in	 aqueous	 solution	[110]	 and	 for	 biological	tissues	[111,	 112].	 Even	 enzymes	 have	 recently	 been	 proposed	 to	 exhibit	 enhanced	diffusion	 when	 they	 are	 catalytically	 active	[113].	 These	 examples	 demonstrate	 that	despite	 the	 strong	 forces	 associated	 with	 Brownian	motion,	 further	 size	 reduction	 of	artificial	 swimmer	 to	 the	 nanoscale	 is	 promising	 and	 can	 pave	 the	way	 for	 enhanced	diffusive	 nanorobots,	 which	 can	 perform	 tasks	 inside	 or	 on	 biological	media,	 such	 as	cells	and	living	microorganisms,	faster	than	non-actuated	particles.				
4.1	Enhanced	diffusion		Without	 actuation,	 the	 motion	 of	 nanoswimmers	 is	 determined	 by	 random	 collisions	with	 the	 near-by	 molecules	[114].	 In	 a	 homogeneous	 environment,	 these	 equilibrium	thermal	 fluctuations	 result	 in	 a	 purely	 diffusive	 behaviour	 of	 the	 particles.	 A	nanoswimmer	 with	 hydrodynamic	 radius	 R	 therefore	 has	 a	 translation	 diffusion	coefficient,				 𝐷! = 𝑘!𝑇6𝜋𝜂𝑅	 (4.1)		Here,	kb	is	the	Boltzmann	constant,	T	is	the	absolute	temperature,	and	𝜂	is	the	viscosity	of	the	surrounding	fluid.		
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The	rotational	diffusion	coefficient	of	the	particle	is	given	by,				 𝐷! = 𝜏!!! = 𝑘!𝑇8𝜋𝜂𝑅!	 (4.2)		Here,	𝜏! 	is	the	characteristic	time	scale	in	which	the	particle	performs	a	full	rotation.		Because	 the	 translational	diffusion	scales	with	𝑅!!	and	 the	rotational	diffusion	 follows	𝑅!!,	diffusion	strongly	increases	the	smaller	the	particle	gets.	For	example,	a	spherical	particle	with	1µm	in	diameter	has	a	translational	and	rotational	diffusion	of	𝐷!  ~ 0.4 !!! 	and	𝐷!  ~ 1.3 𝐻𝑧 ,	 while	 a	 particle	 with	 100	nm	 diameter	 already	 has	𝐷!  ~ 4 !!! 	and	𝐷!  ~ 1300 𝐻𝑧.	 A	100	nm	nanoswimmer	 therefore	 already	undergoes	 a	10	times	 faster	translational	 diffusion	 and	 a	 1000	 times	 faster	 rotational	 diffusion	 than	 its	 1	µm	counterpart.		With	 actuation	 by	 an	 external	 field,	 the	 motion	 of	 the	 particles	 is	 an	 interplay	between	random	diffusion	and	directed	swimming	[43]	leading	to	different	behaviours	at	different	time	scales.	At	very	low	time	scales,	the	induced	actuation	of	the	swimmer	is	too	slow	to	lead	to	propulsion,	giving	rise	to	pure	Brownian	diffusion.	At	slightly	higher	time	scales,	when	propulsion	contributes,	both	rotational	diffusion	and	directed	motion	affect	the	swimmer,	resulting	in	a	directed,	superdiffusive	behaviour	of	the	particle.	At	even	 higher	 time	 scales,	 the	 randomization	 through	 Brownian	 motion	 becomes	 so	dominant	that	a	directed	motion	cannot	be	maintained	anymore.	The	effective	diffusion	is	 then	 the	 sum	 of	 Brownian	 motion	 and	 a	 contribution	 from	 the	 random	 walk	 the	actuated	swimmer	undergoes.	This	 long-time	phenomenon	of	actuated	particles	 in	 the	diffusive	regime	is	called	enhanced	diffusion.	An	intuitive	way	of	determining	whether	a	nanoswimmer	is	in	one	of	these	states	is	by	looking	at	its	mean	square	displacement	(MSD).	It	can	be	easily	calculated	from	the	swimmer’s	 trajectory,	which	 for	 simplicity	 reasons	we	 considered	 for	 two	dimensions	only.	The	MSD	for	pure	diffusion	in	2D,	which	applies	for	non-actuated	particles	as	well	as	for	actuated	swimmers	at	very	small	times	is	given	by,			 𝑀𝑆𝐷(𝜏) = 4𝐷!𝜏	 (4.3)		Here,	𝜏	is	the	time	between	two	measurements	of	the	particles	position.		The	MSD	for	the	superdiffusive	regime	of	actuated	swimmers	is	given	by,				 𝑀𝑆𝐷 𝜏 = 4𝐷!𝜏 + 𝑣!𝜏!	 (4.4)		where	𝑣	is	the	velocity	of	the	actuated	particle.		The	MSD	for	enhanced	diffusion	at	long	time	scales	is	given	by,	
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		 𝑀𝑆𝐷 𝜏 = (4𝐷! + 𝑣!𝜏!)𝜏	 (4.5)		which	corresponds	to	an	enhanced	diffusion	of		𝐷!"! = 𝐷! + !! 𝑣!𝜏! .				
	
Figure	 4.1:	 Comparison	 of	 enhanced	 and	 normal	 diffusion.	 (a)	 Schematic	 trace	 of	 a	
nanoswimmer	 undergoing	 normal	 diffusion	 (purple)	 and	 enhanced	 diffusion	 (black).	 (b)	
Without	 propulsion	 the	 mean	 square	 displacement	 (MSD)	 of	 a	 nanoswimmer	 is	 purely	
diffusive	 and	 grows	 linearly	 in	 time	 (purple	 line).	With	 propulsion,	 the	MSD	 is	 diffusive	
(∝ ∆𝑡)	 for	 small	 times,	 superdiffusive	 for	 intermediate	 times	 (∝ ∆𝑡! )	 and	 enhanced	
diffusive	 (∝ ∆𝑡;	 with	 higher	 offset)	 for	 larger	 times.	 Note	 that	 the	 different	 types	 of	
diffusion	are	presented	in	a	log-log	plot	to	enable	an	easy	distinction.				The	strength	of	the	enhanced	diffusion	depends	on	both	the	speed	𝑣	and	the	rotational	diffusion	 of	 the	 swimmer,	 which	 scales	 with	𝑅!!	and	 is	 reflected	 in	𝜏! .	 In	 order	 to	construct	artificial	nanoswimmers,	which	can	effectively	undergo	enhanced	diffusion,	it	is	therefore	crucial	to	generate	reasonable	propulsion	speeds	and	to	control	the	size	of	the	 swimmer.	 In	 order	 to	 deal	with	 these	 requirements,	we	 applied	 the	DNA	 origami	technique.	 It	 allowed	us	 to	 construct	nanoscale	artificial	 flagella	with	basic	propulsion	shapes	 and	 defined	 size,	 which	 could	 be	 specifically	 functionalized	 with	 magnetic	materials	required	for	the	actuation	of	the	nanoswimmers.				
4.2.	Construction	of	DNA-based	nanoswimmers		For	the	construction	of	nanometer-sized	artificial	flagella	of	defined	lengths	we	applied	the	 DNA	 origami	 method	[64-66].	 It	 relies	 on	 the	 controlled	 folding	 of	 a	 ~	8kb-long	single-stranded	DNA	 ’scaffold’	 strand	with	 the	 help	 of	 hundreds	 of	 short	DNA	 ’staple’	strands	(Figure	4.2a)	as	described	earlier	in	chapter	1.	This	bottom-up	technique	has	the	
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ability	to	construct	nanometer-sized	objects	from	a	simple	biocompatible	building	block	and	with	nanometer	design	precision.		From	 a	 wide	 range	 of	 possible	 designs,	 we	 chose	 three	 different	 shapes	 that	 are	known	 to	 propel	 through	 highly	 viscous	 fluids	[5]:	 i,	 a	 straight	 elastic	 rod	 that	 is	designed	 to	 bend	 under	 hydrodynamic	 drag	 when	 rotated	[23],	 thereby	 leading	 to	 a	dynamic	chiral	shape,	which	we	implemented	with	a	6-helix-bundle	(6HB,	420	nm	long).	ii,	 a	 predefined	 chiral	 structure	 resembling	 a	 corkscrew	 realized	 with	 a	 14-helix	corkscrew	bundle	(14HC,	150	nm	long).	iii,	a	predefined	twisted	structure	resembling	a	screw	formed	by	a	twisted	3-layer	sheet	(3LS,	58	nm	long)	(Figure	4.2a)	(design	details	and	 DNA	 sequences	 are	 given	 in	 Appendix	D).	 Multimerization	 of	 the	 monodisperse	structures	can	be	applied	to	generate	helical	or	twisted	structures	with	several	turns,	as	illustrated	 by	 the	 twisted	 3LS	 structure	 in	 Figure	4.2b.	 Single	 and	 multimerized	structures	were	designed	to	have	single-stranded	overhangs	on	one	side	of	the	structure	which	allowed	us	 to	 couple	 the	artificial	 flagella	 to	magnetic	particles	of	different	 size	and	 shape	 via	 DNA-hybridization	 of	 complementary	 DNA	 strands	 (Figure	4.2c).	Magnetic	 particles	 were	 functionalized	 with	 neutravidin	 via	 EDAC/NHS	 coupling	 or	purchased	with	streptavidin	functionalization	and	subsequently	coupled	to	biotin-DNA	(see	Appendix	D	for	Materials	and	Methods).		
	
Figure	4.2:	Construction	scheme	for	DNA	origami	-	magnetic	bead	hybrids.	(a)	Schematic	
showing	the	DNA-based	self-assembly	of	a	DNA-origami	six-helix	bundle	(6HB),	a	14-helix	
corkscrew	 (14HC),	 a	 twisted	 3-layer	 sheet	 (3LS)	 and	 (b)	 the	 multimerization	 of	 single	
twisted	3LS	into	larger	constructs.	(c)	Coupling	of	DNA	origami	to	magnetic	beads	via	the	
hybridization	of	complementary	DNA	strands	yields	DNA	origami	-magnetic	bead	hybrids.		Figure	4.3	shows	TEM	images	of	the	multimerized	DNA	origami	constructs.	In	all	three	cases	 constructs	 with	 micrometer	 length	 were	 achieved.	 The	 best	 conditions	 for	 the	multimerization	process	were	 found	 at	 35°	 reaction	 temperature	 (see	Appendix	D	 for	additional	information	on	multimerization	conditions).	
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Figure	4.3:	Multimerization	of	DNA	Origami	monomers.	Multimerized	(a)	6-helix	bundle	
(6HB),	 (b)	14-helix	corkscrew	(14HC),	and	(c)	 twisted	3-layer	sheet	(3LS)	as	observed	by	
TEM.	Scale	bars:	200nm		During	the	functionalization	and	hybridization	steps,	we	added	0.05	%	of	the	surfactant	Tween	20	(Polysorbat	20).	This	prevented	 the	aggregation	of	magnetic	particles	 in	 the	divalent	 salt	 solution	 (12	mM	MgCl2),	which	 is	 required	 for	 the	 intactness	 of	 the	DNA	origami	constructs.	Figure	4.4	exemplarily	shows	the	effect	of	Tween	20	on	30	nm	iron-oxide	 particles.	 The	nanoparticles	 remained	monodisperse	 in	 a	 12	mM	MgCl2	 solution	when	 0.05	%	 Tween	20	 was	 added,	 while	 sedimentation	 of	 the	 particles	 occurred	without	 the	 addition	 of	 the	 surfactant	 (Figure	 4.3a).	 TEM	 images	 confirmed	 the	monodispersity	 of	 the	 nanoparticles	 in	 the	 presence	 of	 Tween	20	 (Figure	 4.3b),	while	mainly	clusters	formed	without	the	surfactant	(Figure	4.3c).		
	
Figure	 4.4:	 Prevention	 of	 magnetic	 nanoparticle	 aggregation.	 (a)	 Aggregation	 of	
neutravidin-coated	 30	nm	 magnetic	 particles	 in	 a	 0.5xTBE	 /	 11	mM	 MgCl2	 buffer	 was	
prevented	 by	 adding	 0.05	%	 of	 the	 surfactant	 Tween	20	 (Polysorbat	20).	 Without	 the	
surfactant,	aggregation	of	the	particles	led	to	a	fast	sedimentation.	Transmission	electron	
microscopy	images	of	both	solutions:	(b)	with	and	(c)	without	Tween	20.	Scale	bars:	90	nm	Figure	4.5	illustrates	the	diversity	of	DNA-magnetic	particle	hybrids	that	were	obtained	by	the	DNA	origami	technique	(for	a	detailed	description	of	the	assembly	see	Appendix	D).	 A	 wide	 variety	 of	 DNA	magnetic	 bead	 hybrids	 could	 be	 constructed	 for	 different	magnetic	particle	sizes	(30	nm,	280	nm,	560	nm	and	1000	nm).		
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Figure	 4.5:	 Diversity	 of	 DNA	 origami	 -	 magnetic	 bead	 hybrids.	 Transmission	 electron	
microscopy	images	of	DNA	origami	-	magnetic	bead	hybrids	of	(a)	single	6HBs	attached	to	
30nm	 iron	 oxide	 particles	 with	 and	 (b)	 without	 separation	 by	 gel	 electrophoresis.	 (c)	
14HCs	 attached	 to	 30	nm	 iron	 oxide	 particles	 with	 and	 (d),	 without	 separation	 by	 gel	
electrophoresis.	Scale	bars	100	nm.	(e)	Single	and	(f)	multimerized	6HBs	and	(g)	single	and	
(h)	multimerized	 14HC	 attached	 to	 a	 280	nm	magnetic	 particle.	 (i)	 6HBs	 and	 (j)	 14HCs	
attached	 to	 a	 560	nm	 magnetic	 particle.	 (k)	 6HBs	 attached	 to	 a	 1µm	 glass-titanium	
composite.	(l)	Multimerized	twisted	3LSs	attached	to	a	1µm	iron	oxide	particle.	Scale	bars:	
200	nm.		30	nm	bead	hybrids	were	constructed	with	both,	single	and	many	flagella	(Figure	4.5a-d)	 similar	 to	 what	 can	 be	 found	 in	 motile	 bacteria.	 For	 the	 construction	 of	 multi-flagellated	particles,	an	excess	of	DNA	flagella	was	added	to	the	magnetic	nanoparticles.	We	 observed	 particles	 with	 up	 to	 eight	 DNA	 flagella	 attached	 to	 a	 single	 magnetic	nanoparticle	 (see	 Appendix	D	 for	 additional	 TEM	 images).	 For	 the	 single-flagellated	particles,	 the	 artificial	 flagella	 were	 mixed	 with	 an	 excess	 of	 nanoparticles.	 After	hybridization	a	purification	step	 in	a	0.5	%	agarose	gel	was	performed	to	separate	the	well-assembled	 nanoswimmers	 from	 the	 excess	 of	 magnetic	 particles	 and	 from	unwanted	 multi-flagellated	 particles	 (Figure	 4.6a).	 Figures	 4.6b-c	 show	 the	 high	production	yield	of	purified	single-flagellated	structures.	
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Figure	 4.6:	 Separation	 of	 single-tail	 from	 multi-tail	 hybrid	 structures.	 (a)	 Single-head	
single-tail	 structures	 were	 separated	 from	 misfolded	 or	 multiple	 tail	 formations	 and	
unbound	magnetic	nanoparticles	via	electrophoresis	in	a	0.5	%	agarose	gel.	Transmission	
electron	microscopy	 images	 show	 the	 high	 yield	 of	 b)	 6HB	 and	 c)	 14HC	DNA	 origami	 –	
magnetic	bead	hybrids	after	gel	separation.	Scale	bars:	100	nm.		For	larger	nanoparticle	sizes	(280	nm,	560	nm	and	1000	nm),	gel	purification	could	not	be	applied,	because	the	mesh	size	of	the	gel	was	too	small	for	the	particles	to	enter.	We	therefore	 constructed	 only	multi-flagellated	 structures	 of	 this	 kind	 of	 nanoswimmers.	The	 successful	 attachment	 and	 multimerization	 of	 the	 DNA	 flagella	 on	 the	 magnetic	particles	 is	 shown	 in	 Figures	 4.6e-l.	 Unfortunately,	 we	 observed	 that	 particles	 with	multimerized	 origami	 tend	 to	 break	 apart	 (see	 Appendix	C	 for	 TEM	 images	 of	 the	destroyed	particles).	We	speculate	that	their	polymeric	core	shell	gets	torn	open	once	a	certain	 load	 of	 attached	material	 is	 exceeded.	 This	 process	 seems	 to	 be	 promoted	 by	strong	 vortexing	 and	during	TEM	sample	preparation,	where	 the	 attached	 flagella	 are	exposed	to	electrostatic	forces	exerted	by	the	TEM	grid.		TEM	 imaging	 of	 the	 correct	 attachment	 of	 DNA	 flagella	 to	 the	magnetic	 beads	was	difficult	 if	 the	 attached	 DNA	 origami	 structures	 were	 too	 small	 compared	 to	 the	magnetic	particles.	As	illustrated	in	Figure	4.6j	for	a	500	nm	particle	with	14HC	flagella,	the	 scattering	of	 the	 iron-oxide	bead	 strongly	overshadowed	 the	origami	 structure.	 In	such	 cases,	 fluorescently	 labelled	 DNA	 origami	 was	 used	 to	 confirm	 the	 successful	attachment	 of	 the	 artificial	 DNA	 flagella	 to	 the	 magnetic	 bead	 via	 fluorescence	microscopy	(see	Appendix	D	for	details).		Additionally	 to	 the	 iron-oxide	 particle	 hybrids,	we	 also	 constructed	 a	 6HB-covered	non-spherical	 glass-titanium	 magnetic	 particle	 shown	 in	 Figure	 4.6k,	 which	 was	provided	by	the	group	of	Peer	Fischer.	This	demonstrates	that	our	construction	method	is	not	solely	restricted	to	spherical	geometries	or	iron	oxide	as	magnetic	material.			 	
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4.3	Magnetically	actuated	enhanced	diffusion	of	DNA-based	nanoswimmers		In	the	previous	chapter,	we	demonstrated	that	by	applying	the	DNA	origami	technique	a	variety	of	swimmer	designs	could	be	constructed,	which	fall	within	the	highly	diffusive	nanoscale	 regime.	 In	 order	 to	 effectively	 propel,	 the	magnetic	 nanoswimmers	need	 to	fulfil	 the	 criteria	 of	 low	 Reynolds	 number	 swimming	[5].	 In	 other	 words,	 their	magnetically	 actuated	 motion	 needs	 to	 be	 non-reciprocal	 in	 time.	 However,	 because	diffusion	 acts	 increasingly	 strong	 and	 because	 the	 magnetic	 moment	 of	 the	nanoparticles	 becomes	 smaller	 the	 smaller	 the	 particle	 gets,	 an	 effective	 propulsion	becomes	 increasingly	 demanding.	 In	what	 follows,	we	will	 point	 out	 three	 issues	 that	can	hinder	propulsion	of	the	nanoswimmers:			 i. The	magnetic	moment	of	the	nanoswimmers	needs	to	follow	the	rotation	of	the	external	magnetic	field.	Although	this	demand	is	trivial	for	macroscopic	magnetic	materials	with	strong	magnetic	moments,	 it	turns	out	to	be	difficult	to	maintain	for	nanometre-sized	particles.	When	a	ferromagnetic	material	surpasses	a	certain	size	(~100	nm	for	iron-oxide	nanoparticles	[115]),	it	undergoes	a	transition	from	a	multi	to	a	single	magnetic	domain	state.		Near	room	temperature,	this	transition	is	 accompanied	 by	 a	 change	 of	 the	magnetic	 property	 from	 ferromagnetism	 to	superparamagnetism.	 In	contrast	 to	 the	 ferromagnetic	bulk	material,	which	can	exhibit	a	permanent	magnetic	moment,	superparamagnetic	nanoparticles	exhibit	only	two	remaining	antiparallel	orientations	of	the	magnetic	moment.	These	two	states	rapidly	switch	with	an	average	time	given	by	the	Neel-Arhenius	equation.	If	the	Neel	relaxation	time	tn	is	faster	than	the	period	of	the	actuation,	a	torque	on	the	particle	 is	difficult	 to	 realize,	because	 the	particle	will	not	be	able	 to	 follow	the	rotation.	For	20-35	nm	superparamagnetic	iron	oxide	particles	tn	has	typical	values	 of	 50	ms	 –	 2	s	[116]	 and	 therefore	 requires	 actuation	 frequencies	 of	 at	least	0.5	–	200	Hz.	Larger	 iron-oxide	 superparamagnetic	 nanoparticles	 (>100	nm)	 consist	 of	 a	cluster	 of	 smaller	 nanoparticles	 embedded	 in	 a	 polymer	 matrix	 and	 therefore	exhibit	a	bigger	magnetic	moment	and	higher	tn	than	that	of	single	nanoparticles.		For	example,	the	1	µm	beads	used	to	construct	microswimmers	in	Publication	P2	consisted	of	clustered	iron-oxide	nanoparticles	and	already	followed	the	rotation	of	an	externally	applied	magnetic	field	with	a	field	frequency	of	1	Hz.	[27].			ii. Another	 factor	 that	has	 to	be	 taken	 into	account	 is	 the	 rotational	diffusion	 that	acts	 on	 the	 nanoswimmers.	 A	 helical	 swimmer	 needs	 to	 be	 aligned	 with	 the	rotation	axis	of	the	external	magnetic	field	in	order	to	propel.	To	guarantee	this	alignment,	the	rotation	speed	exerted	by	the	external	magnetic	fields	needs	to	be	faster	than	the	rotational	diffusion	acting	on	the	swimmer	[24,	106].	In	our	setup,	the	maximum	 rotation	 speed	 was	 limited	 to	 a	 maximum	 angular	 frequency	 of	~500	Hz	 at	 15	Gauss.	 This	 frequency	 corresponds	 to	 a	 rotational	 diffusion	 of	 a	spherical	 particle	with	hydrodynamic	diameter	of	~150	nm.	 In	other	word,	 the	maximum	 frequency	 of	 the	 used	 setup	 determines	 a	 minimal	 size	 for	 the	
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nanoswimmers	 the	 setup	 can	 effectively	 propel.	 Even	more,	 this	 limit	 assumes	that	the	swimmer	can	rotate	at	the	same	speed	as	the	external	magnetic	field.	In	general	the	swimmer	will,	however,	only	rotate	in	sync	with	the	external	field	up	to	 the	so-called	“step-out”	 frequency	[117].	Therefore,	a	realistic	 lower	 limit	 for	the	 propulsion	 of	 nanoswimmers	 at	 500	Hz	 is	 likely	 to	 be	 higher	 than	150	nm.	Schamel	et	al.	recently	calculated	that	the	minimal	length	their	helical	swimmers	can	 have	 before	 rotational	 diffusion	 dominates	 is	 ~200	nm	 for	 an	 actuation	frequency	 of	 100	Hz.	 This	 type	 of	 swimmer,	 however,	 contained	 a	 non-biocompatible	 magnetic	 material	 with	 comparatively	 strong	 magnetic	 moment	and	therefore	exhibits	a	higher	step-out	frequency	than	that	of	iron	oxide	–	based	particles.			 iii. Finally,	the	relative	size	between	the	artificial	flagella	and	the	magnetic	bead	has	to	 be	 considered.	 The	 optimal	 ratio	 for	 rigid	 chiral	 structures,	 which	 exhibit	 a	spherical	 cargo	 on	 one	 end,	 was	 recently	 proposed	 by	 Keveney	 et	 al.	[118].	Flexible	filaments,	on	the	other	hand,	need	to	be	flexible	on	a	similar	length	scale	as	the	bead	in	order	to	bend	into	a	chiral	shape	during	propulsion	[119].			In	 applying	 iii)	 to	 our	 nanoswimmers	 from	Figure	 4.5,	we	 conclude	 that	 for	magnetic	particles	 larger	 than	560	nm,	 single	origami	structures	are	 too	small	 in	 comparison	 to	the	bead	size.	Unfortunately,	 the	attachment	of	multimerized	origami	structures	 led	to	the	destruction	of	the	magnetic	particle	similarly	to	what	we	reported	in	the	preceding	subchapter	for	1	µm	magnetic	particles	(see	also	Appendix	D).		On	the	other	end	of	the	size	regime,	30	nm	particle	hybrids	are	likely	to	violate	i)	and	ii),	since	their	magnetic	moment	is	very	small	and	their	Neel	relaxation	time	is	very	high.	Such	swimmers	require	a	very	high	rotation	frequency,	while	their	step	out	frequency	is	comparatively	 low	due	to	 their	small	magnetic	moment	[117].	Realizing	high	magnetic	fields	with	high	frequencies,	however,	is	technically	very	demanding.		We	tested	the	ability	of	the	DNA-flagellated	magnetic	nanoparticle	hybrids	to	propel	at	low	 Reynolds	 number	 by	 externally	 applying	 a	 rotating	 homogeneous	magnetic	 field.	The	 samples	 were	 placed	 in	 the	 center	 of	 a	 3-axis	 Helmholtz	 coil	 system	 that	 was	integrated	 into	 an	 inverted	 fluorescence	 microscope	 (see	 Appendix	D	 for	 detailed	information	on	the	setup).	The	hybrids	were	exposed	to	rotating	homogeneous	magnetic	fields	of	up	to	100	Gauss,	and	their	motion	captured	on	video.		No	enhanced	diffusion	was	found	for	the	flagellated	30	nm	and	280	nm	particles	from	Figure	 4.5	 even	 at	 full	 field	 strength	 (up	 to	 100	Gauss	<	100	Hz)	 and	 excitation	frequencies	of	up	to	500	Hz	(with	15	Gauss).	We	believe,	that	at	these	length	scales	the	rotational	 diffusion	 was	 too	 strong	 and	 the	 magnetic	 moment	 too	 weak	 to	 permit	propulsion	of	such	small	swimmers	[106].	Furthermore,	due	to	the	small	sizes	it	was	not	possible	 to	 observe	 the	 rotation	 of	 the	 particles	 via	 microscopy	 techniques,	 which	 is	important	 to	 confirm	 the	 rotational	 coupling	 between	 the	 external	 field	 and	 the	particle’s	 magnetic	 moment.	We	 therefore	 focused	 our	 study	 on	 the	 560	nm	 hybrids,	
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which	 showed	a	 rotation	 in	 sync	with	 the	external	magnetic	 field	 already	at	2	HZ	and	100	Gauss.		Without	applied	external	field	the	particles	were	purely	diffusive.	We	determined	the	translational	diffusion	constant	of	 the	nanoswimmers	by	 tracking	 the	 trajectory	of	 the	diffusing	 particles	 via	 ImageJ’s	manual	 tracking	 software	 as	 illustrated	 in	 Figure	 4.7a.	Therefore,	we	confined	the	diffusive	motion	of	the	particle	to	two	dimensions	by	putting	the	 sample	 between	 two	 tightly	 pressed	 glass	 slides.	 This	 enabled	 us	 to	 continuously	follow	the	movement	of	the	structures.	In	order	to	prevent	sticking	of	the	particles	to	the	glass	surface,	we	passivated	the	surface	with	BSA	overnight	prior	to	the	experiment.	For	a	clearer	visualization	of	the	hybrid	structures	via	fluorescence	microscopy,	we	further	attached	Cy3	 dyes	 to	 the	 origami	 structures	 via	 hybridization	 of	 complementary	DNA	strands	 (see	 Appendix	D	 for	 a	 detailed	 description	 of	 the	 applied	 methods	 and	materials).				
	
Figure	4.7:	Determination	of	the	diffusion	coefficient	of	nanoparticles	via	2D	tracking.	(a)	
2D	 tracking	 of	 the	 diffusive	motion	 via	 ImageJ’s	 manual	 tracking	 software,	 exemplarily	
shown	 for	 a	 560	nm	 magnetic	 particle.	 (b).	 Translational	 and	 rotational	 diffusion	
coefficient	 calculated	 for	 a	 sphere	with	 1000	nm	and	 500	nm	diameter	 compared	 to	 the	
measured	 translational	 diffusion	 coefficients	 for	 a	 560	nm	magnetic	 bead	w/o	 attached	
6HBs.	
	From	 the	 recorded	 data	 of	 the	 2D	 diffusive	motion	 of	 the	 particles,	 we	 extracted	 the	mean	square	displacement	(MSD)	at	different	time	steps	𝜏,	from	which	we	then	received	the	diffusion	constant	via			 𝐷! = 𝑀𝑆𝐷(𝜏)4𝜏 	 (4.6)		In	Figure	4.7b,	the	measured	translational	diffusion	coefficient	of	6HB	-	magnetic	bead	hybrids,	 and	 single	 560	nm	 magnetic	 particles	 are	 compared	 to	 the	 Stokes-Einstein	diffusion	coefficient	of	a	sphere:			 𝐷!!"!!"! = 𝑘!𝑇6𝜋𝜂𝑅	 (4.7)		
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The	560	nm	beads	with	multiple	6HB	flagella	showed	a	similar	translational	diffusion	to	that	of	a	sphere	with	1000	nm	in	diameter.	This	value	 is	reasonable	assuming	that	the	DNA	flagella	protruding	from	the	bead’s	surface	are	flexible	structures	and	therefore	did	not	 attribute	 with	 their	 full	 length	 to	 the	 hydrodynamic	 radius	 of	 the	 hybrid.	 The	calculated	value	 for	a	560	nm	bead	also	coincided	remarkably	well	with	 the	measured	value.		The	good	accordance	of	measured	and	theoretical	values	suggested	that	the	applied	particle	 tracking	 technique	 is	 a	 promising	 method	 for	 determining	 the	 translational	diffusion	 coefficient	 of	 the	magnetically	 actuated	 particles.	 However,	 in	 order	 to	 fully	understand	the	diffusive	behaviour	of	our	nanoswimmers,	it	 is	also	important	to	know	the	 rotational	 diffusion	 constant.	 Unfortunately,	 our	 setup	 did	 not	 allow	 determining	this	 value	 experimentally.	 We	 therefore	 representatively	 calculated	 the	 rotational	diffusion	 for	 the	1000	nm	sphere	with	 similar	 translational	diffusion	coefficient	as	 the	nanoswimmers	(Figure	4.7b)	via			 𝐷!!"!!"! = 𝑘!𝑇8𝜋𝜂𝑅!	 (4.8)		Because	 the	 560nm	 -	 6HB	 flagella	 nanoswimmers	 are	 uniformly	 decorated	 with	 the	artificial	 flagella,	 this	 estimation	 seems	 reasonable.	 From	 the	 above	 equation,	 we	 get	𝐷!!"""!" = 1.32 𝐻𝑧	for	 the	 1000nm	 bead.	 Because	 the	 applied	 actuation	 frequency	 of	2Hz	was	higher	than	𝐷!!"""!" ,	we	expect	the	nanoswimmer	to	couple	to	the	rotation	of	the	external	magnetic	field.			
	
Figure	 4.8:	 Diffusion	 of	 hybrid	 particles	 w/o	 magnetic	 actuation.	 Mean	 square	
displacement	 (MSD)	 of	 (a)	 14HC	-	560	nm	 and	 (b)	 6HB	-	560	nm	 hybrid	 particles	 at	
increasing	times	between	two	measurements	∆𝑡.	Blue	colouring	signifies	that	the	external	
magnetic	field	was	activated,	while	red	colouring	belongs	to	hybrid	particles	were	no	field	
was	 applied.	 Note	 that	 the	 MSD	 data	 of	 each	 particle	 is	 connected	 by	 a	 solid	 line	 to	
facilitate	identification.			
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Figure	 4.8	 shows	 the	 mean	 square	 displacement	 at	 increasing	 times	 between	 two	measurements	 for	14HC	-	and	6HB	–	560	nm	hybrids	actuated	at	2	HZ	and	100	Gauss.	Each	trace	represents	one	tracking	event.		We	 observed	 a	 tendency	 towards	 an	 enhancement	 in	 the	 diffusivity	 of	 the	 14HC	hybrids	(blue	area	in	Figure	4.8a),	while	the	6HB	hybrids	showed	no	apparent	change.	We	assumed	that	the	6HB	hybrid’s	persistence	length	is	too	large	to	allow	bending	into	a	chiral	 shape,	 which	 is	 required	 for	 active	 propulsion.	 The	 14HC,	 on	 the	 other	 hand,	already	exhibits	a	helical	shape	by	design,	which	allows	for	an	active	propulsion	of	the	swimmer	and	an	associated	increase	in	the	diffusion.			In	order	to	examine	whether	this	enhancement	in	the	MSD	is	 indeed	from	an	active	propulsion,	 we	 averaged	 the	 MSD	 for	 all	 tracked	 particles	 (Figure	 4.9a)	 and	independently	 analysed	 the	 diffusion	 in	 the	 in-plane	 axes	 x	 and	 y	 (Figure	 4.9b).	 The	magnetic	field	rotated	perpendicular	to	the	x-axis	and	should	therefore	only	effectively	propel	 the	particle	along	 this	particular	axis.	We	 therefore	expected	a	purely	diffusive	behaviour	along	the	y-axis	and	an	enhanced	diffusion	for	long	time	scales	on	the	x-axes.			
		
Figure	4.9:	Diffusion	of	hybrid	particles	along	and	perpendicular	to	the	rotation	axis	of	the	
external	magnetic	field.	(a)	Log-log	plot	of	the	MSD	(averaged	value	of	the	14HC-500	nm	
hybrids	from	Figure	4.8)	at	increasing	times	between	two	measurements	∆𝑡.	At	larger	time	
scales,	an	enhanced	diffusion	was	observed	for	particles	where	the	external	magnetic	field	
was	applied	 (blue	data	points)	 compared	 to	particles	where	no	 field	was	applied	 (green	
data	points).	 (b)	The	MSDs	calculated	 independently	 for	 the	x-axis	 (perpendicular	 to	 the	
applied	rotating	 field)	and	y-axis	(in	plane	with	the	rotating	 field)	showed	no	significant	
difference	regarding	the	diffusion	along	the	x	and	y-axis.		Surprisingly,	we	observed	an	enhancement	 in	 the	diffusion	at	higher	time	scales	along	both	the	x	and	the	y-axis.	This	contradicts	with	the	assumption	that	the	enhancement	is	caused	by	an	active	propulsion	along	 the	x-axis.	 	Additionally,	we	 found	an	oscillatory	behaviour	around	the	actuation	frequency	of	2	HZ.	A	similar	behaviour	was	previously	reported	 for	 reciprocal	 swimmers	 by	 Lauga	 et	 al.	[105,	 109].	 This	 suggests	 that	 our	swimmers	are	actuated	in	a	reciprocal	instead	of	a	non-reciprocal	way.	This	would	also	explain	why	we	did	not	observe	a	different	diffusive	behaviour	along	 the	x	and	y-axis.	
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We	 speculate	 that	 the	 reciprocal	 motion	 might	 be	 cause	 by	 an	 incomplete	 coupling	between	 the	 external	 magnetic	 field	 and	 the	 magnetic	 moment,	 which	 resulted	 in	 a	wobbling	of	the	swimmer	instead	of	a	full	rotation.		
4.4	Conclusions	and	Outlook			Throughout	 this	 chapter,	 we	 demonstrated	 that	 the	 DNA	 origami	 technique	 is	 a	promising	 approach	 for	 the	 assembly	 of	 biocompatible	 artificial	 swimmers	 at	 the	nanoscale.	The	DNA	origami	toolbox	allowed	us	to	construct	a	broad	variety	of	artificial	flagella	 with	 pre-determined	 shapes	 that	 are	 known	 to	 propel	 at	 low	 Reynolds	number	[5].	 Furthermore,	 DNA	 origami	 provides	 a	 conjugation	 method	 for	 the	attachment	of	magnetic	nanoparticles,	which	allowed	us	to	realize	magnetic	bead	–	DNA	flagella	hybrids	in	a	multi-	or	single-tail	like	fashion	with	sizes	as	small	as	150	nm.		In	our	initial	study	on	the	magnetic	actuation	of	the	nanoswimmers,	we	exerted	the	particles	 to	 an	 external	 magnetic	 field	 and	 analysed	 their	 diffusive	 behaviour.	 We	observed	 a	 slight	 enhancement	 in	 the	 diffusion	 accompanied	 by	 an	 oscillatory	behaviour,	which	occurred	around	 the	actuation	 frequency.	We	believe	 that	 this	effect	comes	 from	 a	 reciprocal	motion	 of	 the	 swimmer,	 as	 previously	 reported	 by	 Lauga	 et	al.	[105,	109].	In	 future	 studies,	 it	 will	 be	 interesting	 to	 explore	 why	 our	 magnetically	 actuated	nanoswimmers	 underwent	 a	 reciprocal	 as	 opposed	 to	 a	 nonreciprocal	 motion.	 One	possibility	 is	 that	 the	 coupling	 between	 the	 external	magnetic	 field	 and	 the	magnetic	moment	of	the	particle	was	too	weak,	which	led	to	a	reciprocal	wobbling	rather	than	a	complete	 rotation	 of	 the	 swimmers.	 Nevertheless,	 if	 the	 remaining	 hurdles	 can	 be	overcome,	 nanoswimmers	 could	 provide	 great	 advantageous	 over	 their	 macroscopic	counterparts,	 for	example	in	penetrating	tissues	and	membranes,	which	are	inherently	too	dense	for	macroscopic	structures	to	enter.		 	
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5.	 ATPase-functionalized	 DNA	 nanostructures	 for	 the	
propulsion	of	autonomous	microswimmers	
	In	recent	years,	biomolecular	motors	have	received	increasing	research	attention	due	to	their	ability	to	provide	actuation	at	the	nano-	and	microscale.	By	converting	biochemical	energy,	 these	 structures	drive	 fundamental	biomechanical	 tasks,	 such	as	 translocation	along	 microtubule	 filaments,	 transport	 of	 cellular	 cargo,	 muscle	 contraction	 and	bacterial	 flagellation.	 Famous	 and	 well-studied	 representatives	 are	 kinesin	[120],	myosin	[121],	 the	 bacterial	 flagellar	 motor	 [13]	 and	 the	 ATP-hydrolysing	 motor	adenosine	triphosphate	synthase	(ATPase)	[122].		In	 nanotechnology,	 these	 biomolecular	motors	 are	 hoped	 for	 providing	mechanical	motion	and	work	 in	 future	micro-	and	nanodevices	[4,	31].	Exploration	of	 the	efficient	energy	 conversion	 and	of	 the	 incorporation	 into	 larger	 biological	materials,	 similar	 to	what	is	found	in	muscle	sarcomeres	and	bacterial	flagella	filaments,	are	envisioned.		Achieving	such	hybrid	constructs,	however,	requires	an	interface	between	the	biological	motor	and	 the	artificial	micro-	or	nanodevice,	which	 is	difficult	 to	 realize.	Preliminary	solutions	to	this	problem	have	been	presented	by	immobilizing	kinesin	and	myosin	on	microscopy	cover	slips	[123,	124]	or	in	narrow	channels	[125].	For	the	construction	of	hybrid	microswimmers,	which	can	propel	by	rotating	helical	filaments	 similar	 to	 motile	 bacteria,	 the	 rotary	 motor	 complex	 ATPase	 is	 of	 special	interest.					
5.1.	The	F1Fo-ATPase	rotary	motor	complex			The	 F1Fo-ATPase	 is	 a	 rotary	molecular	motor	 belonging	 to	 the	 F-Typ	 ATPase	 family,	which	uses	a	gradient	of	positively	charged	hydrogen	ions	to	produce	ATP	from	ADP.	It	is	composed	of	 the	catalytic	F1	and	the	membrane-embedded	Fo	part,	as	 illustrated	 in	Figure	5.1.			 The	 energy	 for	 the	 ATP	 synthase	 is	 provided	 by	 an	 ion	 flux	 through	 Fo.	 This	 flux	drives	 a	 conformational	 change	 in	 F1,	 which	 rotates	 the	 structure	 and	 produces	 ATP	from	ADP.	This	process,	however,	can	also	work	in	reverse	[126].	Consumption	of	ATP	leads	 to	 a	 rotation	 of	 the	 motor	 and	 pumps	 the	 ions	 against	 their	 electrochemical	gradient.	The	resulting	rotation	has	been	visualized	in	different	microorganisms	such	as	bacillus	 PS3	[122],	 E.	coli	[127],	 spinach	 chloroplasts	[128]	 and	 human	mitochondria	[129].			
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Figure	 5.1:	 Schematic	 of	 the	 F1Fo	-	ATPase	 rotary	 motor	 protein.	 The	 structure	 is	
subdivided	 into	 the	membrane-embedded	Fo	part	and	 the	 catalytic	F1	part.	The	Fo	part	
anchors	the	motor	in	the	cell	wall	and	provides	an	ion	flux	from	the	inside	to	the	outside	of	
the	cell.	The	F1	part	uses	this	ion	flux	to	provoke	a	rotation,	which	produces	ATP	from	ADP.		
	For	applications	 in	micro-	and	nanodevices,	 the	rotary	part	F1	 is	usually	 isolated	from	the	stator	Fo.	First	examples	of	F1-ATPase	driven	nanostructures	were	demonstrated	by	rotating	 nickel	 nanopropellers	[130],	 polystyrene	 beads	[131],	 gold	 nanocolloids	 and	rods	[131,	 132]	 and	magnetic	 beads	[133]	 through	 the	 addition	of	ATP.	These	devices	are	generally	constructed	by	coupling	the	F1-ATPase	to	a	surface	via	a	histidine	tag	on	the	 beta	 subunits	 of	 the	 ATPase	 and	 by	 attaching	 the	 nanostructure	 via	 biotin-streptavidin	to	the	gamma	or	epsilon	part	of	the	biomolecule.				
5.2.	DNA	filament	–	F1-ATPase	motor	protein	hybrids		For	the	construction	of	ATPase-driven	microswimmers,	in	a	first	attempt,	we	focused	on	mimicking	 the	 bacterial	 flagella	 complex.	 It	 consists	 of	 the	 bacterial	 flagellar	 motor	attached	to	a	bacterial	filament.	In	order	to	mimic	the	bacterial	filament,	we	applied	the	DNA	 origami	 technique.	 As	 described	 in	 chapter	1	 and	 4,	 this	 method	 allows	 the	realization	of	arbitrary	nanostructures	with	nanometre	design	precision	and	is	therefore	a	 sophisticated	 choice	 for	 mimicking	 the	 bacterial	 flagella	 shape.	 Furthermore,	 DNA	origami	 constructs	 can	 be	 functionalized	 on	 predefined	 sites	 of	 the	 structure,	 which	enables	 the	specific	attachment	of	 the	motor	protein.	This	 is	a	crucial	 requirement	 for	the	construction	of	a	motor	protein-based	microswimmer,	as	each	filament	needs	to	be	connected	to	exactly	one	motor	protein.	This	quality	is	not	self-evident	for	all	DNA	self-assembly	 techniques.	 For	 example,	 DNA	 tile	 assembled	 artificial	 flagella	 presented	 in	chapter	1	 and	 2	 would	 exhibit	 repetitive	 binding	 sites	 due	 to	 their	 repetitive	 tube	segments.	 Such	 structures	 would	 bind	 several	 motors	 with	 the	 same	 filament,	 which	would	block	the	rotation	mechanism	of	the	motor	proteins.		
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For	the	actuation	of	our	artificial	flagella,	we	chose	the	F1-ATPase	as	rotary	motor	in	analogy	to	the	bacterial	flagellar	motor	in	real	bacteria.	It	was	provided	by	the	group	of	Peer	Fischer,	who	extracted	the	protein	from	E.	coli	bacteria	[134].	E.	coli	bacteria	serve	as	an	especially	reliable	source	of	rotary	molecular	motors	as	they	are	the	most	widely	studied	prokaryotic	model	organism	and	can	be	easily	modified	and	reproduced	under	favourable	conditions	and	 in	short	 times.	For	 the	attachment	of	 the	motor	 to	 the	DNA	filaments,	 two	biotin	molecules	were	coupled	 to	genetically	modified	cysteine	sites	on	the	gamma	and	epsilon	part	of	the	ATPase	via	biotin-maleimide	chemistry	[134].		Because	cluster	formation	hinders	the	correct	formation	of	hybrid	flagella,	we	tested	the	F1-ATPase	towards	its	stability	against	aggregation	under	DNA	origami-friendly	salt	concentrations	 (Figure	 5.2).	 No	 significant	 enhancement	 in	 cluster	 formation	 was	observed	even	under	relatively	high	salt	conditions	(12	mM	MgCl2	and	500	mM	NaCl).		
	
	
Figure	 5.2:	 ATPase	 at	 varying	 salt	 concentrations.	 Even	 at	 high	 salt	 concentrations	 of	
12	mM	MgCl2	 and	 500	mM	NaCl,	 the	 ATPase	 remained	mostly	monodisperse	 in	 a	 1xTAE	
buffer.	Scale	bars:	100	nm.		We	 chose	 four	 different	 DNA	 origami	 shapes	 for	 the	 construction	 of	 DNA	 filaments	illustrated	 in	 Figure	 5.3a.	 As	 mentioned	 in	 chapter	3,	 the	 6HB,	 14HC	 and	 3LS	 have	shapes	that	are	known	to	propel	at	 low	Reynolds	number	and	are	therefore	promising	candidates	 as	 flagella	 mimics.	 	 We	 extended	 this	 set	 of	 artificial	 filaments	 by	constructing	 a	 24-helix	 corkscrew	 (24HC),	 which	 is	 designed	 to	 constitute	 a	 helical	shape	 of	 microscale	 diameter	 when	 multimerized	 (TEM	 images	 of	 the	 single	 and	multimerized	 structure	 are	 provided	 in	 Appendix	E).	 Compared	 to	 the	 14-helix	corkscrew,	the	24HC	has	a	higher	stiffness	[71]	and	larger	helical	diameter,	which		more	closely	resembles	the	dimensions	of	bacterial	flagella.		The	 DNA	 origami	 constructs	 were	 further	 designed	 to	 exhibit	 several	 biotin	molecules	 protruding	 from	one	 end	 of	 the	 structure	 as	 exemplarily	 illustrated	 for	 the	6HB	in	Figure	5.3b.	These	modifications	enable	coupling	to	the	F1-ATPase	motor	protein	via	 a	 two-step	 reaction	 (Figure	 5.3c).	 In	 the	 first	 step,	 DNA	 origami	 structures	 were	mixed	with	an	excess	of	neutravidin,	so	that	each	biotin	position	was	occupied	and	then	purified	 from	 the	 excess	 neutravidin.	 In	 a	 second,	 the	 neutravidin-modified	 origami	structures	were	coupled	to	the	biotin-modified	F1-ATPase	to	yield	hybrid	flagella.	Note	that	 the	 purification	 of	 excess	 neutravidin	 is	 essential,	 as	 remaining	 unbound	neutravidin	could	block	the	biotin	sites	on	the	ATPase	and	hinder	the	attachment	of	the	origami	filament.	
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Figure	5.3:	Design	scheme	of	DNA	filament	–	F1-ATPase	motor	protein	hybrids.	 (a)	Four	
different	 DNA	 origami	 structures	 were	 designed	 for	 the	 construction	 of	 artificial	 DNA	
filaments.	 From	 top	 to	bottom:	6-helix	 bundle	 (6HB),	 14-helix	 corkscrew	 (14HC),	 3-layer	
sheet	(3LS)	and	24-helix	corkscrew	(24HC).	(b)	Artificial	filaments	were	first	modified	with	
biotin	at	 one	 end	of	 the	 structure.	 (c)	After	 the	addition	of	 an	 excess	 of	neutravidin	and	
subsequent	 purification,	 the	 neutravidin-functionalized	 particles	 were	 coupled	 to	 the	
biotin-modified	 sites	 on	 the	 F1-ATPase	 motor	 protein	 resulting	 in	 DNA	 filament	 –	 F1-
ATPase	motor	protein	hybrids.			Figure	 5.4a	 shows	 a	 0.7	%	 agarose	 gel	 containing	 the	 origami	 structures	 after	neutravidin	 attachment.	 For	 each	 sample,	 a	 characteristic	 band	 corresponding	 to	 the	respective	monodisperse	 structure	 could	 be	 identified	 via	 ethidium	 bromide	 staining.	After	 extraction	 from	 the	 gel,	 the	 structures	were	 imaged	 by	 TEM	 (Figure	 5.4b).	 The	extracted	particles	exhibited	white	spots	at	one	side	of	their	structure,	which	speaks	for	the	correct	attachment	of	the	neutravidin	molecules.	The	spots	coincided	well	with	the	designed	 positions	 of	 the	 biotin	 modifications	 on	 the	 DNA	 origamis	 and	 also	corresponded	well	 to	 the	 size	 of	 single	 neutravidin	 proteins	 (~	5	nm	 in	 diameter;	 see	TEM	picture	of	 the	24HC).	Besides	well-attached	neutravidin,	we	also	observed	bigger	spots	(see	TEM	picture	of	the	twisted	3LS)	that	exceeded	the	size	of	single	neutravidin.	We	speculate	 that	neutravidin	clusters	 formed	due	 to	electrostatic	 forces	between	 the	molecules	induced	by	the	divalent	Mg2+	ions	present	in	the	solution.		
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Figure	5.4:	Purification	of	neutravidin-modified	DNA	origami	constructs.	(a)	Purification	
of	neutravidin-modified	6HB,	14HC,	twisted	3LS,	and	24HC	in	a	0.7	%	agarose	gel.	All	four	
samples	 showed	 a	 single	 band,	 which	 corresponded	 to	 the	 designed	 monodisperse	
structure.	(b)	TEM	images	of	the	extracted	structures	showed	the	successful	attachment	of	
neutravidin	to	one	side	of	the	particles.	Scale	bars:	50	nm.		In	Figure	5.5,	neutravidin-modified	origami	structures	are	 shown	after	 the	addition	of	an	excess	of	biotin-modified	F1-ATPase	and	overnight	incubation.	We	distinguished	the	attached	 ATPase	 from	 neutravidin	 molecules	 by	 its	 larger	 size	 (~10	nm)	 and	 by	 its	coarse	structure,	which	often	exhibited	a	hole	in	the	middle	when	imaged	from	the	top	(see	 inlets	 of	 Figure	 5.5a	 and	 c).	 In	 some	 cases,	 however,	 a	 clear	 distinction	was	 not	possible	as	neutravidin	proteins	formed	clusters	with	similar	sizes	to	that	of	the	ATPase.	Considering	 this	 source	 of	 error	 in	 the	 identification	 of	 the	 ATPase,	 we	 found	 that	only	<	5	%	of	the	origami	structures	had	ATPase	attached	at	the	correct	position	of	the	structure.		From	 the	 low	 yield	 of	 well-assembled	 structures,	 we	 conclude	 that	 the	 observed	coupling	was	either	unspecific	or	that	the	majority	of	biotin	sites	on	the	ATPases	were	already	blocked	before	they	could	attach	to	the	neutravidin-functionalized	origami.	This	blockage	could	be	caused	by	 free	neutravidin,	which	 remained	 in	 the	purified	origami	solution.	Indeed,	we	found	unbound	neutravidin	in	the	vicinity	of	the	origami	structures	by	 TEM	 even	 after	 gel	 purification	 (see	 Appendix	D).	We	 believe	 that	 the	 neutravidin	bound	 unspecifically	 to	 single	 stranded	 DNA	 overhangs	 on	 the	 origami	 during	 the	electrophoresis	and	therefore	was	not	removed	during	purification.	To	clean	the	sample	of	the	excess	neutravidin,	we	also	tested	purifying	the	sample	via	gel	electrophoresis	in	a	monovalent	salt	buffer	(500	mM	NaCl)	and	by	PEG	purification.	Unfortunately,	sodium	chloride	increased	cluster	formation	of	the	neutravidin,	while	PEG	purification	resulted	in	an	even	higher	amount	of	unbound	neutravidin	(see	Appendix	D	for	TEM	images).		
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Figure	5.5:	Attachment	of	ATPase	to	neutravidin-modified	DNA	constructs.	TEM	images	of	
single	ATPases	 attached	 to	neutravidin-modified	 (a)	 6HB,	 (b)	 14HC,	 (c)	 twisted	3LS	and	
(d)	24HC.	 Only	 few	 particles	 with	 an	 attached	 ATPase	 (inlets)	 were	 found.	 Scale	 bars:	
100	nm.		In	 order	 to	 test	 whether	 the	 low	 attachment	 yield	 is	 due	 to	 free	 neutravidin	 in	 the	solution,	 we	 mixed	 neutravidin-modified	 origami	 structures	 with	 biotin-modified	origami	 structures	 in	 a	 control	 experiment.	 If	 free	 neutravidin	 indeed	 blocked	 all	 the	biotin	 sites,	 we	 would	 expect	 to	 see	 a	 low	 coupling	 yield	 of	 the	 different	 origami	structures.	We	 chose	 the	 neutravidin-modified	 6HB	 and	 the	 biotin-modified	 14HC	 for	this	test,	as	both	structures	are	easily	distinguishable	by	their	different	shapes	and	have	a	similar	structural	cross	section,	which	allows	them	to	attach	one	by	one.		We	 found	 ~	50	%	 of	 well-assembled	 6HB-14HC	 dimers	 (Figure	 5.6a	 and	 5.6b),	~	30	%	 of	 uncoupled	 structures	 (Figure	 5.6a),	 ~	10	%	 of	 14HC-14HC	 dimers	(Figure	5.6c)	and	~	10	%	of	6HB-6HB	dimers	(Figure	5.6d).	Next	to	the	many	unbound	
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structures,	especially	the	14HC-14HC	dimers	attracted	our	attention	as	these	structures	could	 only	 have	 formed	 if	 free	 neutravidin	 was	 in	 the	 solution	 and	 cross-linked	 the	biotin-modified	origami.		From	these	observations,	we	conclude	that	 free	neutravidin	might	 indeed	affect	 the	yield	 of	 ATPase	 binding	 to	 neutravidin-modified	 origami	 structures.	 However,	 as	 the	yield	 of	 ATPase	 binding	 differed	 by	 an	 order	 of	magnitude	 from	 that	 observed	 in	 the	control	 experiment,	 other	 factors	 like	 inaccessible	 or	missing	 biotin	molecules	 on	 the	ATPase	might	have	played	an	equally	if	not	stronger	role.	For	the	construction	of	hybrid	microswimmers,	we	changed	our	strategy	and	assembled	the	artificial	hybrid	flagella	on	the	surface	of	a	magnetic	bead,	as	we	will	describe	in	the	following	chapter.		
		
Figure	 5.6:	 Coupling	 efficiency	 between	 neutravidin-modified	 and	 biotin-modified	 DNA	
origami	 constructs.	 (a)	 Approximately	50	%	 of	 well-assembled	 dimers	 formed.	 (b)	 The	
biotin-neutravidin	 connection	 was	 visible	 as	 a	 “white	 spot”	 between	 the	 connected	
structures.	 Besides	 the	 well-assembled	 structures,	 also	 unwanted	 (c)	 14HC-14HC	 and	
(d)	6HB-6HB	dimers	formed.	Scale	bars:	100	nm.			
5.3	F1-ATPase	–	DNA	Filament	Hybrids	Coupled	to	a	Microparticle:	A	
prototype	for	autonomous	microswimmers		For	 the	 construction	 of	 artificial	 ATPase-driven	microswimmers,	 the	 F1-ATPase	-	DNA	filament	hybrids	have	to	be	anchored	in	a	body	of	considerably	greater	mass,	similar	to	the	 connection	 between	 a	 bacterial	 flagella	 and	 its	 cell	 body.	 The	 mass	 difference	between	our	 artificial	 flagella	 and	body	guarantees	 that	 the	 flagella	 can	 rotate	 at	high	frequencies,	while	the	body	remains	nearly	static.		
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We	 chose	 a	 1	µm	 magnetic	 particle	 for	 our	 microswimmer’s	 body,	 as	 it	 brings	 the	required	 high	mass	 and	 allows	 a	 gentle	 and	 easy	 purification	 through	magnetic	 pull-down	 compared	 to	non-magnetic	material.	 This	 is	 especially	 useful	 considering	 that	 a	complete	 purification	 of	 excess	 neutravidin	 could	 not	 be	 achieved	 during	 the	constructing	of	ATPase	–	DNA	filament	hybrids	via	agarose	gel	purification	as	described	in	 the	previous	chapter.	Performing	the	assembly	of	 the	artificial	hybrid	swimmers	on	the	surface	of	magnetic	beads,	which	can	be	easily	purified,	could	bypass	this	problem.		Figure	 5.7	 demonstrates	 the	 construction	 scheme	 for	 artificial	 hybrid	microswimmers.	First,	F1-ATPases	were	coupled	to	the	1µm	magnetic	beads	via	His10-tags	 (Figure	 5.7a).	 F1-ATPase	 possesses	 ten	 histidine	 tags	 at	 the	N	 termini	 of	 each	𝛽	subunit,	 which	 can	 couple	 to	 a	 cobalt-based	 chemistry	 on	 the	 bead	 surface	 in	 the	presence	of	a	tetradentate	metal	chelator.	The	ATPase-functionalized	magnetic	particles	were	then	purified	by	magnetic	pull-down	and	coupled	to	neutravidin	molecules	via	the	two	biotin	modification	on	the	𝛾	and	𝜀	part	of	the	ATPases	(Figure	5.7b	and	Figure	5.1).	After	a	second	purification	step,	biotin-modified	DNA-origamis	were	added	to	obtain	the	hybrid	swimmers	(Figure	5.7c).			
		
Figure	 5.7:	 Construction	 scheme	 for	 autonomous	 microswimmers.	 (a)	 ATPases	 are	
coupled	 to	 the	 surface	 of	 1	µm	 magnetic	 particles	 via	 His10	 tags.	 (b)	 Neutravidin	 is	
attached	 to	biotin	modifications	on	 the	His	 tag	-	opposing	 side	of	 the	ATPase.	 (c)	Biotin-
modified	DNA	origamis	are	coupled	to	the	neutravidin-modified	ATPases	.		Figure	 5.8a	 shows	 TEM	 images	 of	 hybrid	 microswimmers	 constructed	 by	 the	 above-described	method.	We	chose	the	6HB	as	representative	for	all	four	origami	structures	as	its	 long	shape	(~	428	nm)	facilitated	the	visualization	of	the	correct	attachment	on	the	magnetic	bead’s	surface	by	TEM.	We	observed	a	great	number	of	6HB	origami	radially	attached	to	the	magnetic	bead	and	only	few	unattached	structures	in	the	vicinity	of	the	bead.		In	order	 to	 rule	out	 that	 the	observed	attachment	 resulted	 from	unspecific	 binding	between	components	which	were	not	supposed	to	couple,	we	examined	control	samples	where	one	or	more	sub	steps	in	the	assembly	and	the	corresponding	components	were	intentionally	 left	 out,	 such	 as	 neutravidin	 (Figure	 5.8b),	 ATPase	 (Figure	 5.8c)	 or	 both	(Figure	8d).	In	all	three	samples,	no	or	only	little	binding	was	observed.		We	further	assembled	the	hybrid	structures	in	an	EDTA-rich	buffer.	EDTA	is	known	to	 chelate	metal	 ions	 and	 thereby	 destroys	 the	 his-tag	 connection.	 Figure	 5.8e	 shows	magnetic	beads,	which	have	undergone	the	same	assembly	steps	as	the	particles	shown	
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in	Figure	5.8a,	with	the	exception	that	the	buffer	contained	EDTA.	We	observed	hardly	any	attached	artificial	 flagella,	which	confirmed	 that	 the	 formation	of	 the	his-tag	bond	was	indeed	impeded	by	EDTA.	This	suggests	that	the	his-tag	bond	has	formed	correctly	in	the	well-assembled	hybrid	structures	from	Figure	5.8a.	Taken	 together,	 these	 observations	 suggest	 a	 great	 specificity	 for	 the	 coupling	between	the	different	components	in	the	presented	construction	method.	Nevertheless,	we	could	not	finally	exclude	that	unspecific	binding	might	have	occurred	within	one	or	more	of	the	coupling	steps.		
	
	
Figure	 5.8:	Magnetic	microparticle	 -	ATPase	 -	DNA	origami	hybrids.	 (a)	TEM	 images	of	
well-formed	hybrid	structures	assembled	from	a	1µm	magnetic	particle,	ATPases	and	6HB	
origamis.	 (b-d)	 TEM	 images	 of	 control	 samples,	 where	 the	 following	 components	 of	 the	
construction	 sequence	 were	 intentionally	 left	 out:	 (b)	 neutravidin,	 (c)	 ATPase,	 (d)	
neutravidin	and	ATPase.	Hardly	any	attachment	of	6HBs	to	the	magnetic	bead	surface	was	
observed.	 (e)	 No	 coupling	 occurred	 further	when	 the	 construction	was	 performed	 in	 an	
EDTA-rich	buffer.	Scale	bars:	300	nm.		In	 order	 to	 test	whether	 the	 incorporated	ATPases	 are	 still	 active	 and	 can	 propel	 the	hybrid	 constructs,	 we	 added	 the	 coenzyme	 adenosine	 triphosphate	 (ATP)	 to	 the	microswimmer	 solution	and	 imaged	 the	 structures	via	 fluorescence	microscopy.	For	a	better	visualization,	the	DNA	origami	filaments	were	functionalized	with	Cy3	dyes	prior	to	the	experiment.	ATP	is	known	to	induce	a	rotation	of	the	F1-ATPase	motor	[126]	and	we	 expected	 that	 the	motor	 rotation	 will	 translate	 to	 the	 DNA	 filaments,	 which	 then	drive	the	swimmer.		Unfortunately,	 we	 did	 not	 observe	 an	 ATP-induced	motion	 of	 the	 hybrid	 particles.	Instead,	the	origami	structures	seemed	to	detach	from	the	beads	immediately	after	the	addition	of	the	ATP.	We	deduced	this	detachment	from	a	reduction	of	the	fluorescence	intensity	 on	 the	 beads	 and	 from	 a	 simultaneous	 increase	 of	 fluorescent	 spots	 on	 the	surface	surrounding	the	beads.	We	speculate	that	the	ATP-induced	rotation	of	the	motor	
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protein	exerted	such	strong	 forces	 that	 it	destroyed	 the	connection	between	bead	and	artificial	 flagella.	 In	 order	 to	 find	 the	 weak	 spot	 in	 the	 assembly,	 we	 imaged	 the	swimmers	after	ATP	addition	via	TEM	as	illustrated	in	Figure	5.9.			
		
Figure	5.9:	Detachment	of	hybrid	flagella	from	magnetic	particles	upon	addition	of	ATP.	
(a)	Few	6HB	hybrid	flagella	remained	attached	to	the	magnetic	particles	after	the	addition	
of	ATP.	(b)	Many	partly	destroyed	6HBs	were	 found	 in	the	vicinity	of	 the	bead,	which	(c)	
exhibited	unidentifiable	constructs	at	one	end	of	the	origami	structure.			TEM	 imaging	 revealed	 that	 after	 the	 addition	 of	 ATP,	 only	 few	 flagella	 remained	attached	to	the	magnetic	beads	(Figure	5.9a)	compared	to	the	well-assembled	structures	before	actuation	shown	 in	Figure	5.8a.	Many	unattached	and	partly	destroyed	origami	structures	 were	 found	 in	 the	 bead’s	 vicinity	 (Figure	 5.9b).	 These	 structures	 often	exhibited	 dark	 spots	 at	 one	 of	 their	 ends	 (Figure	 5.9c).	 These	 constructs	 resembled	pieces	of	 destroyed	magnetic	particles	 similar	 to	what	we	observed	 in	 chapter	4	 after	the	attachment	of	multimerized	DNA	origami	to	magnetic	particles.	We	believe	that	the	force	exerted	by	the	rotating	artificial	flagella	ripped	the	flagella	and	the	connected	part	of	 the	particle’s	polymer	shell	 from	the	bead,	which	resulted	 in	 the	detachment	of	 the	flagella.				
5.4.	Conclusion	and	Outlook			The	 incorporation	 of	 a	 molecular	 motor	 such	 as	 the	 FoF1-ATPase	 into	 an	 artificial	microswimmer	 is	 of	 great	 interest	 in	 the	 field	 of	 nanorobotics	[4,	 31].	 It	 can	 lead	 to	 a	new	class	of	artificial	devices	 that	move	autonomously	similar	 to	 the	motion	of	motile	bacteria.	Throughout	 this	 chapter,	we	provided	a	 concept	 for	 the	 construction	of	 such	ATPase-driven	microswimmers	by	placing	the	molecular	motor	ATPase	between	a	DNA-based	filament	and	a	magnetic	microparticle.	To	realize	this	goal,	 in	a	first	attempt,	we	constructed	DNA	origami	filaments,	which	we	 functionalized	 with	 the	 molecular	 motor	 F1-ATPase	 through	 biotin/streptavidin	coupling.	 Although	 we	 were	 able	 to	 achieve	 some	 well-assembled	 structures,	 the	
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construction	 yield	 was	 too	 low	 to	 continue	 the	 construction	 of	 microswimmers	 from	these	artificial	flagella.		We	therefore,	in	a	second	approach,	initiated	the	assembly	on	the	surface	of	magnetic	microparticles	by	attaching	the	ATPase	via	a	His-tag	to	the	bead	surface	and	successively	attaching	the	DNA	filaments	via	biotin/neutravidin	coupling	to	the	ATPases.	We	indeed	observed	 the	 correct	 attachment	 of	 many	 DNA	 filaments	 per	 bead	 suggesting	 a	successful	assembly.	Unfortunately,	upon	addition	of	ATP,	 the	DNA	filaments	detached	from	 the	 microparticle’s	 surface.	 We	 believe	 that	 the	 ATP-induced	 rotation	 of	 the	molecular	motor	ripped	part	of	 the	polymer	shell	and	 the	attached	 filaments	 from	the	bead.		In	 future	 experiments,	 the	 choice	 of	 the	 microparticel’s	 surface	 should	 be	reconsidered.	For	example,	commercially	available	SiO2	microparticles	constitute	a	more	rigid	surface	compared	to	polystyrene-coated	beads	and	might	therefore	withstand	the	force	exerted	by	the	molecular	motor.	If	 the	 described	 construction	hurdles	 can	be	 overcome,	 it	will	 be	 important	 to	 find	ways	of	asymmetrically	decorating	 the	particle	surface	with	 the	artificial	 flagella.	Such	an	asymmetric	decoration	is	required	in	order	to	move	in	a	directed	way.	In	the	case	of	a	symmetric	decoration,	opposing	flagella	would	work	against	each	other	resulting	in	no	net	displacement.			
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ABSTRACT: Multihelical DNA bundles could enhance the
functionality of nanomaterials and serve as model
architectures to mimic protein ﬁlaments on the molecular
and cellular level. We report the self-assembly of micro-
meter-sized helical DNA nanotubes with widely controllable
helical diameters ranging from tens of nanometers to a few
micrometers. Nanoscale helical shapes of DNA tile tubes
(4-, 6-, 8-, 10-, and 12-helix tile tubes) are achieved by introducing discrete amounts of bending and twist through base pair
insertions and/or deletions. Microscale helical diameters, which require smaller amounts of twist and bending, are achieved
by controlling the intrinsic “supertwist” present in tile tubes with uneven number of helices (11-, 13-, and 15-helix tile
tubes). Supertwist ﬁne-tuning also allows us to produce helical nanotubes of deﬁned chirality.
KEYWORDS: DNA nanotechnology, DNA self-assembly, helical nanotubes, chirality, protein ﬁlament mimics
Helical motifs can be found throughout biological micro-and nanostructures. Famous examples are the doublehelix of DNA,1 cellulose ﬁbrils of tendrils2 or the shell
of holoplanktonic mollusks3 to name just a few. At the
macroscopic world, screws and springs, both helical structures,
serve essential mechanical functions in classical engineering such
as conversion of rotational into linear motion or storing and
releasing mechanical energy by using a combination of rigidity
and elasticity. Miniaturizing these concepts to the micro- and
nanoscale would not only allow the construction of materials,
which can function as mechanical nanotools, but also provide an
adjustable helical building block to mimic hierarchically
assembled structures such as protein ﬁlaments. Top-down
fabricationmethods have so far producedmicro- and nanohelices
by strain-induced self-scrolling,4−6 glancing angle deposition7−10
of evaporated or sputtered materials, and 3D direct laser
writing11,12 in photoresists. Micro- and nanoscrews fabricated by
these methods were recently used for the propulsion of artiﬁcial
micro- and nanoswimmers,5,8,13−16 which are foreseen to achieve
future biomedical tasks such as in vivo drug delivery or blood clot
removal.17−19 Micro- and nanosprings were found to possess
extraordinary properties, such as superelasticity6,20,21 and high
mechanical strength,22 making them promising candidates for
the construction of shape memory materials6,20 and composites
with improved mechanical integrity.23 However, large-scale
production of three-dimensional structures at the nanometer
scale is challenging for conventional techniques, and many of the
employed materials are not biocompatible, which hampers their
potential for biomedical applications. Bottom-up DNA self-
assembly, on the other hand, oﬀers the above-mentioned features
while enabling the design of structures with nanometer
precision.24−28 For example, DNA origami allows the con-
struction of rigid nanostructures with designed amount of
bending and twist.29 We recently showed that several micro-
meter-long helical DNA nanotubes are assembled in a simple
one-pot reaction from only eight diﬀerent oligonucleotides.14 By
systematically testing the various parameters of DNA tile design,
such as the number and relative positions of inserted or deleted
base pairs and the relative position of tiles, we now establish a set
of rules for the rational design of custom-shaped DNA tube
helices of deﬁned chirality and helical diameters.
RESULTS AND DISCUSSION
In DNA tile tube assembly, single-stranded DNA oligonucleo-
tides (tiles) assemble into repetitive segments of n-helix tubes
that can polymerize into tubes of micrometer length.24 If the
number of DNA double helices n of a given tube design is even,
the sheet of parallel double helices can roll up into a tube (see
Figure S1) with zero oﬀset along its two long edges, as
exemplarily illustrated for a 12-helix tile tube (12HT) in Figure
1a. This design results in straight and unstressed tubular
structures.14,24 When a base pair is inserted into or deleted
from a selected double helix (Figure 1b), local stress and strain is
generated and distributed over the whole tube structure as was
previously demonstrated for similar DNA constructs.14,29,30 For
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example, in the case of a base pair insertion, the particular double
helix gets longer than the other double helices, so that the entire
tube bends (Figure 1b, c red parts). At the same time the cross
over points with the two neighboring helices are pushed toward
opposite directions at diﬀerent positions, inducing a twist along
the tubes primary axis. The combination of bending and twist
then results in a helical tube structure (Figure 1c).
Following these design principles, we expect that for tubes
with larger number of helices n the eﬀect of insertions and
deletions will be distributed over more double helices and thus
become smaller. Within a tube of a given number of double
helices, we expect to get a stronger eﬀect for more insertions and
deletions. To test these hypothesis, we changed the number of
insertions or deletions Nins,del for a variety of tube sizes n (for
design details and tile sequences see Note S1 and Figure S2).
Figure 2a shows transmission electron microscopy images of
tile tubes for decreasing tube size n (from 12HT to 4HT) and
constant number of insertions (Nins = 1). All tubes revealed an
undulatory shape of nanometer dimensions that became more
pronounced for smaller tube sizes. Exact quantiﬁcation of the
helix parameters, such as helical diameter, pitch, and chirality,
was not possible as TEM sample preparation resulted in a 2-D
conﬁnement of the original helical shape of the tubes. However,
Nam et al. recently proposed that such squeezed conformations,
so-called squeelices, have almost the same curvature ω as their
unconﬁned 3D predecessors.31 In place of the helical diameter
and pitch, we therefore extracted the radius of curvature = ωrc
1
from the 2D conﬁned helical shape (see inset of Figure 2a) and
compared it for the diﬀerent tube types (detailed information on
the statistical analysis is provided in Figure S3 and Table S1).
Note that rc is related to the helical diameter (D) and pitch (P) by
= + πr
D P
Dc 2 2
2
2 , so that ≥r Dc 2 . We found that rc steadily
decreased with decreasing tube size n for both tubes with
insertions (Figure 2b) and deletions (Figure 2c) from 560 to 88
nm and from 457 to 65 nm, respectively (TEM images of tubes
with deletions are shown in Figure S4).
Figure 2d shows images of tile tubes with increasing amount of
insertions N (from 1 to 6) and constant tube size n = 12. We
chose the 12-helix tile tube (12HT) for these experiments as its
total interhelical angle is ∼360° by the geometry of DNA so that
it is least stressed when forming a tube (illustrated in Figure
S5).24 Insertions and deletions in the 12HTwere placed in such a
way that they successively increase the total amount of bending.
We found that rc steadily decreased for increasing amounts of
insertions (Figure 2e) or deletions (Figure 2f) from 554 to 155
nm and from 556 to 110 nm, respectively (TEM images of 12HT
tubes with deletions are shown in Figure S6). To achieve even
stronger bending, we constructed tubes with the same number of
insertions and deletions located on opposite double helices
(Figure 2g). Indeed, rc decreased drastically for all ﬁve tube types.
The minimum radius that we achieved with this approach was 77
nm (Figure 2h). At higher numbers of insertions and deletions
proper folding of the tubes was inhibited. In previous studies on
6- and 4-helix bundles, such arrangements led to the formation of
rings,30 however, we observed that preferentially helical
structures formed. This discrepancy can be explained by the
greater persistence length of the 12HT32−34 which reduces the
probability of ﬂuctuation-induced ring closure during tube
growth. An asymmetric design with N insertions and N-1
deletions is shown in Figure 2i (TEM images are shown in Figure
S7). Its radii were consistently smaller than those for tubes with
only insertions or deletions and larger than for tubes with both
insertions and deletions.
In order to determine whether this technique is generally
applicable for the controlled construction of nanoscale helical
structures, we compared our results to radii predicted from
energetic considerations using a DNA toy model recently
presented by Dietz et al.29 It expresses the energy stored within
the DNA tile tube as a sum of stretch (S) and bend energy (B)
(for detailed information, see Note S2). Remarkably, the
energetic predictions (presented as black symbols in the graphs
of Figure 2, respectively) show good agreement and only slightly
overestimate the experimental data in all of the tubes examined.
A similar overestimation also occurred for large rc in the original
DNA toy model study.29 We can only speculate that the
comparatively strong deviations for the ﬁrst values in all graphs
are the result of a buﬀering eﬀect in DNA nanostructures. In
contrast to perfect double-stranded DNA, which is assumed in
the model, our structures have nicks and cross overs. The
additional ﬂexibility that these features give to the structures
could absorb some of the insertion- or deletion-induced bending.
As this eﬀect needs to be overcome only once, it would aﬀect
tubes with few insertions or deletions more than those with many
insertions or deletions. For small rc, the deviations can be
attributed to a structural change in the cross section of the
modiﬁed tile tubes from a perfect circle (see Figure S8 for
detailed information). In conclusion, we were able to generate
DNA tile tubes with radii of curvature ranging from 65 to 560 nm
using the insertion and deletion method.
Figure 1. Design principles for the construction of helical DNA tile tubes. (a) DNA tile tubes with an even number of double helices (here a 12-
helix tile tube design is shown) close with zero oﬀset of the edges, resulting in a straight overall shape. (b) Insertion of an additional base pair into
a double helix generates expansion (red double arrow) and a right-handed torque. Deletion of a base pair leads to compression (blue double
arrow) and a left-handed torque. (c) Expansion or compression leads to bending, while torque results in twisting of the overall tube structure. The
combination of both eﬀects forces the tube into a helical shape.
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In certain applications such as microswimmers, ﬁlaments with
microscale helical diameters are desirable as they provide
stronger propulsion forces.14 This requires even smaller amounts
of twist and bending than those arising from single base pair
insertions or deletions. We therefore introduced a technique
referred to as tile shif ting, which relies on the stepwise reduction
of the intrinsic supertwist of DNA tile tubes to generate tubes with
smallest quantities of twist along the tube’s primary axis. Due to
the alternating tile alignment, DNA tile tubes with an odd
number of double helices close with a discrete oﬀset resulting in a
supertwisted helix bundle (Figure 3a). This supertwist can be
attenuated in small steps by reducing the oﬀset of closure
through shifting of single tiles one nucleotide (nt) position at a
time within the structure (Figure 3b). This also allows the
predeﬁnition of the chirality of the supertwist. In the depicted
case of a tile-shifted 13-helix tube (stw13HTs) it is left-handed
for geometrical reasons (for design details and tile sequences see
Note S3 and Figures S9 and S10).
Smaller quantities of bending were achieved by modifying the
tube structures with deﬁned arrangements of Cy3 dyes (see
Figure S2 for Cy3-modiﬁed tile sequences). This also enabled us
to visualize the tubes in solution via ﬂuorescence microscopy. In
our previous work, we noticed that a Cy3-modiﬁed 6-helix tile
tube exerted quantities of bending so small that it resulted in a
helical microscale diameter of the overall tube structure.32 A Cy3
dye in the vicinity of a DNA duplex nick can thus induce a stretch
and a right-handed twist deformation of the DNA helix (Figure
4a) similar to that of a base pair insertion.35,36 In accordance with
this observation, we found that the amount of bending in a 6HT
strongly depends on the arrangement of the Cy3 dyes on the
tube. Figure 4b demonstrates that Cy3-modiﬁcations on one side
of the tube give stronger bending, and an associated smaller
Figure 2. Construction of helical DNA tile tubes with controlled nanometer-sized radius of curvature. (a) DNA tile tubes with decreasing size n
(from 12HT to 4HT) and constant number of insertionsN = 1 as observed by TEM. Inset: Radius of curvature rc extracted from the 2D-conﬁned
undulatory shape. (b) Relationship between rc and tubes of diﬀerent size with insertions (red triangles) and with (c) deletions (blue triangles).
(d) Tubes with constant size (n = 12) and increasing amounts of insertionsN (from 1 to 6) as observed by TEM. Relationship between rc and the
amount of (e) insertions (red triangles) and (f) deletions (blue triangles) in tubes of constant size. (g) Tubes with increasing amounts of both
insertions and deletions N (from 1 to 5) as observed by TEM. Relationship between rc and tubes of (h) symmetric (violet rhombi) and (i)
asymmetric (violet pentagons) arrangements of insertions and deletions. Error bars are the standard error of the mean calculated for each tube
type respectively (see Table S1). Theoretical predictions of rc from an energetic model are shown in black symbols for each tube type. Scale bars:
500 nm.
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helical diameter of the tube, than modiﬁcations on opposing
sides of the tube. Such opposing arrangements are therefore
promising to construct tubes with small quantities of bending.
By combining the bending through Cy3modiﬁcations with the
ﬁne-controlled supertwisting via tile shifting, we were able to
stepwise control the microscale helical diameter of DNA tile
tubes (Figure 5a). Fluorescence microscopy images of Cy3-
modiﬁed supertwisted 13HTs (stw13HTs) with increasing
amount of tile shift (from 0 to 6 nt) are shown in Figure 5b.
Without tile shift (0 nt), the 13HT had a small helical diameter,
which was barely resolvable with light microscopy (see Figure
S11 for TEM images of this structure). A stepwise tile shift (from
0 to 4 nt), however, resulted in a stepwise increase of the helical
diameter to a maximum of ∼2 μm at 4 nt. Further tile shifting (5
nt and 6 nt) decreased the helical diameter again.
To understand this behavior we considered the total amount
of bending and twist present in the 13HTs. While keeping the
amount of Cy3-induced bending constant in all tubes, the overall
twist, a superposition of supertwist and Cy3-induced twist, was
changed in small steps through tile shifting (from 0 to 6 nt). For
small shifts (<4 nt), the left-handed supertwist dominated over
the right-handed Cy3-induced twist. As more tile shift was
Figure 3. Design principles for controlling the supertwist of DNA tile tubes: (a) Tile tubes with an odd number of tubes close with a discrete oﬀset
resulting in a supertwisted shape of the structure. (b) By shifting single tiles in the design, the oﬀset can be reduced stepwise as illustrated for the
case of a 3 nt (left) and 6 nt tile shift (right) in a supertwisted 13-helix tile tube (stw13HT). Here, the tile-shifting gradually reduces the amount of
supertwist in the structure.
Figure 4. Cy3-induced bending and twisting of DNA tile tubes: (a) A
Cy3-modiﬁcation on a DNA tile tube can act similar to a base pair
insertion and lead to a helical shape of the structure. (b) 6-helix tile
tubes (6HTs) with three diﬀerent arrangements of Cy3 dyes showed
diﬀerent bending and twisting as observed by ﬂuorescence
microscopy. Note that opposing Cy3 modiﬁcations reduced the
total amount of bending whereas the induced twisting added up,
resulting in a helical shape with increased diameter and pitch. Scale
bar: 2 μm.
Figure 5. Construction of helical DNA tile tubes with controlled micrometer-sized diameter: (a) Scheme of a DNA tile tube, which combines tile
shifting and Cy3 modiﬁcations for a controlled bending and twisting of the structure. (b) Fluorescence microscopy images of stw13HTs with
increasing amount of tile shifting (from 0 to 6 nt). The tubes were constructed from three Cy3-modiﬁed and 10 unmodiﬁed tiles. Helical
diameters of up to ∼2 μmwere observed for a 4 nt tile shift. The decrease of the helical diameter after reaching this maximum already suggests a
change in the chirality of the tube shape. Helical diameters for 1, 2, 3, and 5 nt shift are∼0.4,∼1,∼1.5, and∼0.6 μm, respectively. Scale bar: 2 μm.
ACS Nano Article
DOI: 10.1021/acsnano.6b05602
ACS Nano XXXX, XXX, XXX−XXX
D
	60	
	 	
introduced (from 0 to 4 nt), the supertwist decreased which
resulted in a reduced overall twist and therefore larger helical
diameters. A helical maximum diameter of∼2 μmwas reached at
a 4 nt shift, which suggests that the total twist is minimal. By
further reducing the supertwist (>5 nt), the Cy3-induced right-
handed twist became dominant over the supertwist and again
reduced the tube’s helical diameter.
We tested this hypothesis by determining the chirality of the
tubes by taking “tomographic” slices of their 3D shapes via
ﬂuorescence microscopy. For each sample, a set of images was
taken while the focal plane was moved through the sample
volume. Figure 6a exemplarily shows ﬂuorescence images of
stw13HTs with a 2 nt tile shift in three distinct positions of the
focal plane: slightly beneath (left), centered (middle) and slightly
above (right) the center of the helical tile tube. The contours of
each plane yielded a distinct pattern, which allowed us to
determine the tubes chirality. Furthermore, a 3D reconstruction
of the structures could be generated from the set of images
(Figure 6b). In the depicted sample the chirality was determined
to be left-handed. We successively applied this technique to the
tile-shifted stw13HTs from Figure 5 and additionally to tile-
shifted stw11HTs and stw15HTs (see Figure S12). In all three
cases, a change of chirality from left- to right-handed was
observed for increasing amounts of tile shift (see Figure S13).
CONCLUSIONS
Our DNA-based self-assembly scheme allows large-scale
production of biocompatible helical nanotubes with precise
control over their micro- and nanoscale helical diameter and
chirality. Incorporation of base pair insertions and deletions
enables us to adjust the radius of curvature within the nanometer
regime in accordance with an energetic model. Microscale helical
diameters of deﬁned chirality are achieved through ﬁne
controlling the intrinsic supertwist via tile shifting in Cy3-
modiﬁed tubes. Design rules derived from this work and the good
correspondence of our experimental results with a simple
theoretical model can be utilized to design and construct
predeﬁned helical shapes for future applications. For example,
micrometer-sized helical constructs can be applied to optimize
the swimming behavior of artiﬁcial microswimmers, which allows
researchers to gain further insights into the swimming strategies
of microorganisms. For our helical tubes to serve as nanosprings,
force spectroscopic analysis and cyro-electron microscopy could
be applied to determine their mechanical properties such as their
spring constants and to obtain additional information over their
helical diameter and pitch. Our design techniques demonstrate
the ﬂexibility and simplicity of DNA self-assembly for the
construction of fully biocompatible nanoscrews and -springs,
which may ﬁnd their way into nanorobots for noninvasive
biomedical therapies and in other ﬁelds of nanoengineering.
MATERIALS AND METHODS
Folding of DNA Tile Tubes.Tile tubes were assembled in a one-pot
reaction with 1 μM of each oligonucleotide in a 1X TAE/12 mMMgCl2
buﬀer by exposing the folding mixture to a thermal annealing ramp.
Annealing started with a heating step to 80 °C for 10 min followed by a
stepwise cooling from 65 to 45 °C at a cooling rate of 0.5 °C/5 min.
After the assembly, the particles were stored at room temperature. Cy3-
modiﬁed tubes were kept away from light in a dark place to prevent
possible photobleaching. In order to reduce the amount of entangled
tube structures, which formed over time, we gently resuspended the
sample before each measurement.
Transmission Electron Microscopy. Carbon-coated TEM grids
(Ted Pella) were plasma cleaned for 1 min at 240 V. Two μL of a tile
tube sample was put onto the grid and incubated for 2 min. The solution
was removed from the grid, which was then washed with 5 μL of 1%
aqueous uranyl acetate solution. A second 5 μL drop was then added and
incubated for 10 s. After the second drop was removed, the grid was
allowed to dry for at least 30 min before imaging via a JEM/1011
transmission electron microscope.
Fluorescence Microscopy. Fluorescence microscopy images were
taken by a Zeiss Observer Z1 microscope connected to an Andor Solis
camera with a pixel resolution of 6,4 pixels/μm. Before imaging, tile
tubes were 100 times diluted into a 12 mM MgCl2 1X TE buﬀer with
0.05% Tween 20. The surfactant prevented the particles from adhering
to the glass surface, allowing them to freely ﬂoat in the solution.
“Tomographic” image series were taken by rapidly turning the focus
plane through the ﬂuorescent particle. All experiments were carried out
at room temperature.
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ABSTRACT: We show that DNA-based self-assembly can serve as a general
and ﬂexible tool to construct artiﬁcial ﬂagella of several micrometers in length
and only tens of nanometers in diameter. By attaching the DNA ﬂagella to
biocompatible magnetic microparticles, we provide a proof of concept
demonstration of hybrid structures that, when rotated in an external magnetic
ﬁeld, propel by means of a ﬂagellar bundle, similar to self-propelling
peritrichous bacteria. Our theoretical analysis predicts that ﬂagellar bundles
that possess a length-dependent bending stiﬀness should exhibit a superior
swimming speed compared to swimmers with a single appendage. The DNA
self-assembly method permits the realization of these improved ﬂagellar
bundles in good agreement with our quantitative model. DNA ﬂagella with
well-controlled shape could fundamentally increase the functionality of fully biocompatible nanorobots and extend the scope and
complexity of active materials.
KEYWORDS: Propulsion, low-Reynolds-number, slender-body theory, nanorobots, DNA self-assembly, ﬂagella
Many motile micro-organisms possess ﬂagella to propel1or swim2 through viscous ﬂuids.3 Mimicking these
highly evolved microstructures with nanoscale features is
challenging but would enable the realization of functional
microswimmers.4,5 Artiﬁcial ﬂagella have been constructed from
various materials, such as alloys and glass, with sizes ranging
from a few millimeters down to several hundreds of nanometers
using top-down fabrication methods.6−10 A prominent example
of a self-assembled swimmer was demonstrated by linking
magnetic particles while an applied magnetic ﬁeld induces the
formation of particle chains.11 For the actuation of such
artiﬁcial ﬂagella, externally applied magnetic ﬁelds have proven
to be advantageous as they are fully biocompatible and can be
applied in aqueous environments from afar, avoiding the need
for potentially toxic chemical reactions commonly used to
propel phoretic swimmers.12 Within these approaches,
miniaturization to the nanoscale,9 complex maneuvering,6
functionalization for targeted drug delivery,10,13 large scale
production,6,8,9 and a certain degree of biocompatibility8 were
shown. However, for future applications it is desirable to
develop more versatile and naturally biocompatible means of
realizing artiﬁcial ﬂagella with the potential to mimic the
complex hierarchically assembled protein structure of real
ﬂagella while ideally combining all of the above-mentioned
features in one single system. DNA-based self-assembly14−16
can meet these requirements as it allows for systematic design
at the nanoscale, large-scale production and straightforward
functionalization, while being fully biocompatible. We show
that even isotropically covered spherical particles of 1 μm in
diameter can be propelled by virtue of hydrodynamically
formed DNA ﬂagellar bundles. Interestingly, compared to
swimmers with a single appendage,17 our bundles exhibit a
stiﬀness proﬁle that is shown to underlie favorable swimming
shapes that can also be found in ﬂagellar bundles of bacteria.
To realize artiﬁcial ﬂagella, we employed DNA tile-tube
assembly14,18 schematically depicted in Figure 1. In this
technique, short single-stranded DNA fragments assemble
into n-helix tubes (nHT) (Figure 1a), where each tube consists
of repeating structural units of n adjacent DNA duplexes, which
can polymerize along the axis of the tube. From a large variety
of possible tube types (Supporting Information Figure S1),
three designs with varying degree of twist and stiﬀness are
shown in Figure 1b: straight 8-helix-tubes (st8HT), twisted18,19
8-helix tubes (tw8HT), and supertwisted20 13-helix tubes
(stw13HT). The tubes were attached to 1 μm iron oxide
particles via the hybridization of complementary DNA strands
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(Figure 1c) (for design details see Supporting Information
Note S1). For imaging and tracking, a subset of the DNA
strands forming the tubes were modiﬁed with Cy3 dyes on their
5′ ends. All three types of the tubes (Figure 1d−f) and their
respective hybrid structures (Figure 1g-i) were imaged in a
liquid cell of a few micrometers in height. Remarkably, the
hybrids visually resembled ﬂagellated bacteria, were similar in
size, and possessed equal amounts of twist as natural ﬂagella.
For example, the stw13HT (Figure 1f,i) had a pitch of 2.51 ±
0.51 μm and a diameter of 0.57 ± 0.19 μm, which compares
well to an E. coli ﬁlament in its normal form, whereas the
tw8HT (Figure 1e,h) had a pitch of 0.98 ± 0.22 μm and a
diameter of 0.30 ± 0.17 μm, which resembles the curly state of
the E. coli.21
To test the ability of the DNA-ﬂagellated magnetic particle
hybrids to propel at low Reynolds number, we externally
applied a rotating homogeneous magnetic ﬁeld. Magnetic beads
can also be pulled by a magnetic gradient ﬁeld, however, it is
generally not viable to achieve signiﬁcant gradients at a
distance, and so homogeneous (nongradient) ﬁelds are much
more practical for potential applications. The samples were
placed in the center of a three-axis Helmholtz coil system that
was integrated into an inverted ﬂuorescence microscope
(Supporting Information Note S2). The hybrids were exposed
to rotating homogeneous magnetic ﬁelds of up to 100 G, and
their motion was captured on video. Video samples containing
hybrid structures (displayed in Figure 1g−i) revealed that all
the particles rotated in phase and approximately 10% of the
st8HTs and tw8HTs decorated structures formed a bundle of
DNA ﬂagella on only one side of the bead (see Figure 2a and
Supporting Information Video 1 for a well-assembled structure
and Supporting Information Figure S7 for non-functional side
Figure 1. DNA tile-tube−magnetic bead hybrids. (a) Schematic showing the self-assembly of single DNA strands into DNA tile-tube structures
consisting of n double helices and (b) the design of straight 8-helix (st8HT), twisted 8-helix (tw8HT), and supertwisted 13-helix (stw13HT) tile-
tubes. (c) Attachment of tile-tubes to DNA-modiﬁed magnetic beads via biotin−streptavidin coupling yields DNA tile-tube−magnetic bead hybrids.
(d−i) Fluorescence microscopy images showing (d) st8HT, (e) tw8HT, and (f) stw13HT, and 1 μm magnetic beads decorated with (g) st8HT, (h)
tw8HT, and (i) stw13HT. The demonstrated hybrid structures have only a few artiﬁcial ﬂagella attached to facilitate a simultaneous visualization of
the magnetic bead and the tile-tubes. Tw8Hts in (e) and (h) were imaged in 75% glycerol to slow down thermal ﬂuctuations, which here also
increased the twist diameter. Swimming motions were examined in glycerol-free solutions. Also, note that due to their brightness the magnetic beads
appear larger than their actual size of 1 μm. Scale bars: 1 μm.
Figure 2. Directed motion of DNA-ﬂagellated magnetic bead hybrids. (a) Schematic and respective ﬂuorescence microscopy images of a tw8HT
hybrid structure driven by a homogeneous magnetic ﬁeld, which rotates perpendicular to the swimming direction. (b,c) Superimposed images of the
tracking of DNA-ﬂagellated magnetic bead hybrids (b) in directed motion and (c) following a curved path. Scale bars: 10 μm.
Nano Letters Letter
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products). Because we did not observe a qualitative diﬀerence
in the bundle structure of st8HTs, tw8HTs, and stw13HT-
bundles (see Supporting Information Figure S8 and S9), and
since stw13HT formed with a yield of only ∼1%, we limited
our study to the tw8HT-bundle swimmers. Figure 2a shows
eight snapshots of a tw8HTs decorated 1 μm magnetic particle
during one full rotation. Similar to real bacterial ﬂagella, upon
rotation the DNA ﬂagella formed a hydrodynamically
assembled corkscrew-like bundle with a length of several
micrometers. The rotated tube bundle propelled the DNA−
magnetic bead hybrids (see Figure 2b and Supporting
Information Video 2) head ﬁrst along the rotation axis. The
propulsion speed of up to 1/10 of a body length per turn
(along the rotation axis) is in good agreement with the
dimensionless speed (body lengths per turn) of ﬂagellated
bacteria, although bacteria swim at higher frequencies and
therefore eﬀectively propel much faster. The fastest artiﬁcial
swimmer observed was driven at 3 Hz and propelled with a
speed of ∼0.6 μm/s (see Supporting Information Figure S6).
At higher frequencies, the DNA ﬂagellar bundles lost their
corkscrew-like form, which led to a decreased speed (see
Supporting Information Video 3). This divergent behavior from
bacterial ﬂagellation can be explained by the smaller persistence
length of the DNA tube-based ﬂagellum (∼8 μm for 8HT20) in
comparison to that of bacteria (∼0.7 mm for E. coli22). For
higher-frequency swimmers, one would therefore have to
employ a more rigid DNA ﬂagella design. Higher ﬂagella
rigidity could also allow for observing diﬀerences in swimming
speeds of (super)twisted and straight ﬂagella. An additional
movement perpendicular to the rotation axis has been observed
in most swimmers and can be attributed to hydrodynamic
interactions of the swimmer with the surface of the ﬂuid-cell.
This is analogous to the motion of bacteria in the vicinity of
glass surfaces, where the same eﬀect has been reported.23 By
gradually changing the rotation axis of the external magnetic
ﬁeld, the DNA−magnetic bead hybrids could also be steered to
follow a curved path (Figure 2c and Supporting Information
Video 4). In contrast to a bacterial ﬂagellar bundle, the artiﬁcial
bundle did not reopen when switching the rotation from
clockwise to counterclockwise or vice versa, which would
permit the observation of run-and-tumble behavior. Instead, the
artiﬁcial swimmers retained their overall swimming direction,
while the movement perpendicular to the rotation axis reversed
every time the ﬁeld was switched (Supporting Information
Video 5). The continuous forward propulsion is direct evidence
for a change of the bundle’s helicity, as in a static helix a reversal
of the direction of rotation would lead to reversal of the
swimming direction. From these two observations, no reopen-
ing and switch of helicity of the DNA-tube bundles upon
reversal of rotation direction, we conclude that the individual
tubes cross-link weakly during bundle formation (tight cross-
linking would lead to static helicity and no cross-linking would
allow bundles to reopen). Cross-linking could be a result of
possible domain exchanges between adjacent tubes within the
bundle. We further observed an exponential drop of the
ﬂuorescence intensity along the tube bundle (Figure 3a and
Supporting Information Figure S7), which we can attribute to
an exponential decay in the length distribution of the bundled
DNA tubes.14 Interestingly, also naturally occurring bundles of
ﬂagella often exhibit thinning toward the bundles’ end. This
raises the question whether the varying lengths of ﬂagella within
our artiﬁcial bundle has an eﬀect on the swimming speed.
To address this question, we modeled the bundle of tubes as
a single appendage with a length-dependent bending modulus.
This approach is reasonable, as the DNA tubes in the bundle
are only weakly cross-linked, such that the eﬀective stiﬀness is
to a good approximation proportional to the number of tubes
present at the respective bundle position.24−26 If a polymer-
ization process with suﬃcient supply of monomer units is
assumed during the growth phase of the DNA ﬁlaments, the
expected length distribution of free ﬁlaments falls exponen-
tially.27 Accordingly, the ﬂuorescence intensity of the bundles in
our experiments decreases exponentially toward their tails [see
Figure 3 and Supporting Information Figure S10]. We thus
infer an exponentially decreasing number of ﬁlaments in the
bundles and an analogous decrease in their bending stiﬀness
from head to tail. In general, the equation of motion of a bundle
in a viscous medium at low Reynolds number is given by the
force balance of the anisotropic friction on the tube bundle28,29
Γ with the elastic forces due to the bending of the bundle,
σΓ ⃗ = −∂ ∂ ⃗ + ∂ ∂ ⃗u A r r( ) ( )s2 s2 s s
Here, u ⃗ is the local velocity of the bundle, A is the local bending
stiﬀness, r ⃗ is the bundle position and σ a Lagrange multiplier
ensuring inextensibility. All variables depend on the arc length
position s along the bundle. We solved this equation by
generalizing previous work on actuated swimmers17 using
boundary conditions taking into account that the bundle is
attached to a rotating bead (Supporting Information Note S3).
The crucial diﬀerence to earlier works,17 however, is that in our
case the bending stiﬀness A(s) changes along the bundle, which
extends the scope of our model to bundles of variable stiﬀness.
Figure 3. Analysis of a DNA tile-tube bundle. (a) The ﬂuorescence intensity of an artiﬁcial ﬂagellar bundle (inset) drops exponentially (red dashed
line) when moving away from the bead due to a decreasing number of tubes in the bundle. Data was gained by averaging over several movie frames
to rule out errors emerging from a change in the ﬂuorescence distribution along the particle during rotation (see Supporting Information Figure S7
for additional bundle analysis). The ﬂuorescence decay length of the demonstrated swimmer is 3 μm. (b) Numerical solutions of the shape of one
stiﬀ (top) and ﬂoppy (middle) bundle with constant bending stiﬀness in comparison to a bundle with decreasing stiﬀness (bottom) at eight positions
during one full rotation. (c) Within the theoretical model, swimmers with decreasing stiﬀness of the bundle (solid lines) achieve a higher speed than
swimmers with constant stiﬀness of the bundle (dashed lines) for a broad range of bundle lengths and stiﬀnesses.
Nano Letters Letter
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At low Reynolds numbers, swimming requires a swimming
stroke that is not time-reversible.3 Therefore, a rotating straight
passive bundle needs to bend into a chiral shape to generate
propulsion. The propulsion eﬃciency then depends on the
curvature and the beat amplitude of this induced shape. In
order to ascertain how well our bundle of variable stiﬀness
meets these requirements, we compared it to the cases of
constant high and low bending stiﬀness. Figure 3b shows that
constant high stiﬀness (top) achieves high amplitudes but lacks
bending especially toward the end of the bundle. In contrast, a
constant low stiﬀness (middle) permits bending but lacks beat
amplitude. A bundle with variable stiﬀness (bottom), however,
can achieve both large amplitudes and bending along the entire
length of the bundle (see also Supporting Information Video
6). Figure 3c shows a comparison of the swimming speed as a
function of bundle length for bundles of decreasing stiﬀness
(solid), and bundles of constant stiﬀness (dashed) comprising
1, 6, 20, and 50 tubes. Remarkably, the swimming speed of the
variable stiﬀness swimmer is faster for nearly all parameters. In
other words, a bead with a bundle of multiple tubes of diﬀerent
lengths surpasses one with the same number of equal-length
tubes, which is a feature that arises naturally in our method of
construction.
Finally, we tested our theoretical model by comparing the
predicted and the observed swimming speeds of 10 individual
tw8HT-bundle swimmers (Figure 4). The solutions from the
model allowed us to predict the swimming speed of a swimmer
from its geometric parameters, which we determined for each
swimmer from the experimental data. The so predicted
swimming speeds diﬀered by less than 40% from the observed
speed. Diﬀerences between the model and the observations are
attributed to errors in determining some of the parameters that
enter the model (see Supporting Information Note S3) as well
as to neglecting the additional drag, which arises in the vicinity
of the glass surface. Despite these diﬀerences, our observations
agree remarkably well with the quantitative predictions from
the model.
Our general and ﬂexible self-assembly scheme allows
constructing biocompatible artiﬁcial ﬂagella of comparable
size to small bacteria and in large numbers. Coupling of DNA-
tubes to magnetic beads results in hybrid structures that swim
by means of a ﬂagellar bundle when actuated by an external
magnetic ﬁeld, which also allows for complex maneuvering. Our
quantitative model reveals that our artiﬁcial and bacterial
ﬂagellar bundles whose stiﬀness decreases toward their ends
achieve an improved speed compared to bundles with
homogeneous rigidity. Design rules derived from the theoretical
model can be applied in future experiments to optimize the
swimmers to reach even higher speeds. To better understand
and improve the assembly process of our artiﬁcial ﬂagella, real-
time bundle formation dynamics could be studied using
magnetic tweezers, which can trap and rotate the swimmers
in solution with no interfering glass surface nearby. If unfolding
of the bundle can be achieved, further insights into run-and-
tumble30 and swimming strategies used by microorganisms can
be gained. Our method demonstrates the feasibility and
advantages of DNA self-assembly techniques for the con-
struction of new microswimmer and nanorobot31,32 designs,
including hierarchically assembled fully biocompatible soft
materials that are diﬃcult to realize with other fabrication
methods.
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Self-Assembled DNA Tubes Forming Helices of Controlled 
Diameter and Chirality 
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Supplementary Note S1: Design and construction of helical DNA tile-tubes 
through base pair insertions or deletions 
 
 
Design of DNA tile tube structures with nanoscale helical diameters. An unmodified DNA 
tile strand has a standard length of 42 nucleotides. During assembly, it participates in forming 
two double helices with its two neighbouring tile strands1. Thereby half of its sequence (21bp) 
hybridizes with the complementary sequence of one neighbouring tile and the other 21bp 
hybridize with the other neighbouring tile. Introduction of a base pair insertion or deletion in a 
specific helix, therefore requires adding or deleting a complementary nucleotide pair in the 
respective 21bp sections of each of the two tiles. If a tile participates in the formation of two 
neighbouring helices which both have an insertion and/or a deletion, than the sequence of the tile 
has to be changed in both 21bp section once. Depending on the arrangement of helices with 
insertion or deletion in the tube design, the length of the respective oligonucleotides can therefore 
vary between 40 (two deletions), 41 (one deletion), 42 (no insertion and no deletion or 
one deletion and one insertion), 43 (one insertion), and 44bp (two insertions) nucleotides (see 
oligonucleotides sequences in Figure S2).  
We maintained the nomenclature used in previous work on DNA tile tubes. Formation of a 
straight n-helix tile tube requires n-1 U-tiles and one T-tile to form1. For example, a 12-helix tile 
tube forms from the strands U1-U11 and T12. Helically shaped 12- to 4-helix tile tubes with one 
insertion or deletion from Figure 2a-c form when U2 and U3 are exchanged with U2+1 and U3+1 
or U2-1 and U3-1, respectively (+1 and -1 indicating the insertion or deletion of a nucleotide in 
the tile sequence). 12-helix tile tubes with N insertions or deletions from Figure 2d-i, require 
exchanging N+1 tiles. For example, in a 12HT with 3 insertions or 3 deletions, four tiles (U1, U2, 
U3 and U4) have to be exchanged by U1+1, U2+2, U3+2 and U4+1, or U7-1, U8-2, U9-2 and 
U10-1, respectively. Note that in such designs, tiles that contribute to the formation of two 
helices with insertions or deletions (e.g. U2+2, U3+2, U8-2 and U9-2) require insertion or 
deletion of two nucleotides in their sequence (indicated by +2 and -2). 
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Figure S1: a) TEM images of 12 helix tile tubes with one base pair insertion revealed a darker 
region in the middle (cavity of hollow tube) flanked by two brighter regions (the DNA). This 
"wall contrast" occurs as uranyl staining can fill only the space around the DNA. b) An intensity 
profile along the tube´s cross section confirmed the existence of the cavity and gave an estimation 
of the tube diameter of ~ 12 nm, which coincides well with the geometrical value for a tube like 
conformation of 12 DNA double helices.    
 
 
 
 
 
Figure S2: Oligonucleotide sequences used for the construction of helical DNA tile tubes with 
nanometre-sized radius of curvature. Nucleotides contributing to a base pair insertion are 
highlighted in red, while two green nucleotides indicate the position of a deleted nucleotide 
contributing to a base pair deletion. Cy3-modifications including a TT-spacer are highlighted in 
orange. 
 
 
Statistical analysis of DNA tile tubes. The analysis of helical DNA tile tubes from TEM images 
(Figure S3a) relies on work by Nam et al, who recently proposed a model for such 2D confined 
filaments based on 2D confined Helical Worm-Like Chains (cHWLC).1 In their study they found 
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that the filaments radius of curvature rc can be determined between two curvature inversion 
points along the 2D confined contour, where it is almost constant. Figure S6a illustrates that the 
radius of curvature rc can be determined from    !"	 $ %& ' (&2(   
once the coordinates of three points along its contour are measured – for example by two 
curvature inversion points and one middle point (blue and red dots) from the arc. We therefore 
extracted the coordinates of the minima and maxima (red dots) along the contour of the 
undulatory shape via ImageJ (Public Software, National Institute of Health), from which we then 
calculated the inversion points (blue dots) assuming that they lie in the centre of two middle 
points (Figure S3b). An example of the distribution of measured rc is shown in Figure S3c for a 
8-helix tube with one insertion. Data sets for all other tubes from Figure 2 are shown in Table S1. 
 
 
 
Figure S3: a) TEM image showing 8HTs with Nins = 1 from Figure 2, which were chosen for the 
statistical analysis (green check marks).  Structures were ignored if they were obviously 
aggregated, entangled or overlapping. Also short tubes of length less than a full “wavelength” 
were not included (red cross). b) Schematic showing how rc was extracted from the contour of a 
2D confined helical DNA tile tube c) Exemplary histogram of 8HTs with Nins = 1. Error bars 
gained by this method are the standard error of the mean from all measurements. 
 
 
 
 
Table S1: Statistical analysis of rc for the helical tubes from Figure 2. 
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Figure S4: Transmission electron microscopy images of tile tubes for decreasing tube size n 
(from left to right: 12-, 10-, 8-, 6-, and 4HT) and constant number of deletions Ndel = 1. The 
radius of the tube curvature rc steadily decreased for smaller tube sizes from 457 nm to 65 nm as 
shown in Figure 2c in the main text. For the smaller tube sizes, the formation of rings and other 
closed structures with similar rc was observed (insets). Scale bar: 500 nm 
 
Interhelical angle of DNA tile tubes before closure. Before closing into a tube, the interhelical 
angle of a DNA tile tube is usually quite different from that of a closed circle of 360° as 
illustrated in Figure S3. By design, angles between neighbouring helices alternate between 13° 
and 47.3°, as was described in detail in the previous work by Yin et al.2. Therefore, the central 
angle of an open 12-helix tile tube is 6 ∙ 13° & 6 ∙ 47.3° * 361.8°  and requires hardly any 
deformation to form a closed tube structure compared to the 10-, 8-, 6- and 4-helix tile tube.  
 
 
Figure S5:  Schematic showing the cross sectional geometry of DNA tile tubes before closing 
into a tube. Except for the 12-helix tile tube, which has a natural central angle of ~360°, tile tubes 
require additional bending in order to close into a tube structure. 
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Figure S6: Transmission electron microscopy images of tile tubes with increasing amount of 
deletions Ndel (left to right: from 1 to 6) and constant tube size n = 12. Rc steadily decreased for 
increasing amounts of deletions from 556 nm to 110 nm as shown in Figure 2f of the main text. 
Scale bar: 1 µm 
 
 
 
Figure S7: Transmission electron microscopy images of tile tubes with N insertions and N-1 
deletions (left to right: from N=1 to 6) and constant tube size n = 12. Rc steadily decreased for 
increasing amounts of insertions and deletions from 554 nm to 88 nm as shown in Figure 2f of 
the main text. Scale bar: 500 nm.  
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Supplementary Note S2: Energetic predictions for the radius of curvature of 
helical DNA tile tubes  
 
The radius of curvature rc of helical tile tubes was predicted from a computer program published 
by Dietz et al.3 It calculates the total energy of a helical bundle with given geometry for different 
amounts of bending angle. From the angle, which corresponds to the minimal energy, Rc can be 
calculated.  
The program was originally written for DNA origami constructs and assumed a stretch modulus 
of S = 660 and a bend modulus B = 230. For DNA tile tubes, we adjusted the bending modulus to 
B = 156 and assumed a circular cross section with radius ! " #$∙#&'()/') with s = 2.8 nm (spacing 
between neighbouring helices) in accordance with recent studies on the stiffness of DNA tile 
tubes4. An example of a python program for a 4-helix tile tube with Nins=1 is given below:   
 
Python script for a 4-helix tile tube with Nins=1: 
 
deq = 0.335 
S = 660 
B = 156 
nref = 1680 
dref = deq 
 
# n is the number of basepairs installed in a region with a default 1680 bp 
 
n = [0 for i in range(4)] 
n 
n[0]  = 1760 
n[1]  = 1680 
n[2]  = 1680 
n[3]  = 1680 
 
total_n = 0 
for i in range(4): 
 total_n += n[i] 
average_n = float(total_n)/4 
print "average n is", average_n, "\n" 
 
# delta is the distance in nm from the center of mass midline bending axis 
# invert sign for bending in other direction from mass midline bending axis 
 
delta = [0 for i in range(4)] 
delta[0]  = 1.9796 
delta[1]  = 0 
delta[2]  = -1.9796 
delta[3]  = 0 
 
for i in range(4): 
 delta[i] *= +1 
 
for angle_in_degrees in range(1, 500): 
 angle_in_radians = angle_in_degrees/180.0*3.14159 
 rref = deq*nref/angle_in_radians 
 helix_stretch_energy = 0 
 helix_bending_energy = 0 
 for i in range(4): 
  d = (float(nref)/n[i])*float(dref)*(delta[i]/rref + 1) 
  helix_stretch_energy += 0.5*S*n[i]*((d-deq)**2)/deq 
  helix_bending_energy += 0.5*B*n[i]*deq/((rref + delta[i])**2) 
  
 total_energy = helix_stretch_energy + helix_bending_energy 
 print "degree", angle_in_degrees, " stretch-compression energy", helix_stretch_energy, "\tbending energy", 
helix_bending_energy, "\ttotal energy", total_energy 
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Energetic predictions for tile tubes of elliptical shape: One major parameter that affects the 
energetic predictions is the distance of the DNA duplexes from the bending axis of the tube ∆"	 . 
Shorter distances should result in stronger bending from insertions or deletions and therefore give 
smaller rc. These considerations lead us to speculate that the overestimation of the radius for 
tubes with several insertions (Nins = 5 and 6) as shown in Figure 2 can be attributed to a structural 
change in the tube’s cross section from a spherical to an elliptical shape. We believe that this 
structural change results from stress exerted by insertions and/or deletions on its neighbouring 
helices. As illustrated in a simplified form for one insertion (Figure S8a), the stress exerted by an 
insertion pushes its adjacent helices via the cross over points towards bigger interhelical angles. 
This pushing generates a deformation of the overall tube cross section into an elliptical shape. 
To test this hypothesis, we assumed an elliptical shape $% & 	'% ( )% with equal circumference 
to that of a spherical cross-section and recalculated rc for different values of a and b for the case 
of 12HTs with Nins=1 to 6 from Figure 2. For small rc, we found the best accordance between 
model and experiment for a = 4.25 and b = 6.56, which led to an improvement of the fitting by 
~ 20% for both 12HT with Nins = 5 and 6 (Figure S8b). In contrast, tubes with Nins = 3 and 4 
insertions are best described by a spherical cross section. These observations suggest that 
elliptical deformations occur only in tubes with many insertions or deletions. 
 
 
 
 
Figure S8: a) Possible structural change in the cross section geometry of DNA tile tubes through 
a base pair insertion. b) Comparison of the measured radius of curvature rc (black) to predictions 
assuming an elliptical (green) or a spherical (red) cross sectional shape.  
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Supplementary Note S3: Design and construction of helical DNA tile tubes 
through tile shifting 
 
 
Design of helical DNA tile tube structures with microscale diameters. DNA tile tubes with 
odd number of helices possess an intrinsic "supertwist"2 and can assemble large helical diameters 
through a combination of tile shifting and Cy3- induced bending as illustrated in Figure 4 in the 
maintext. Figure S9 demonstrates an exemplary tile shift for a subset of three adjacent 
oligonucleotides. Each tile consists of two partial sequences, with each sequence being 
complementary to one neighbouring partial sequence (Figure S9a). Shifting of a partial sequence 
by 1 nt results in a displacement of the position of the neighbouring and all subsequent tiles by 
1 nt. N shifts are achieved by shifting n tiles by 1 nt each.  
Tile shifting also affects the position of cross over points to neighbouring helices and thereby the 
interhelical angle between them as illustrated in Figure S9c.  In order to keep the cross sectional 
geometry of tile-shifted tubes as circular as possible we only exchanged tiles with even number, 
which corresponds to a change of the respective interhelical angle from 47.3° to 13°. For 
example, a 13-helix tile tube with 2nt shift is constructed by exchanging U10 and U12 by V10 
and V12 (a list of the shifted oligonucleotide sequences is shown in Figure S10).  
 
 
 
Figure S9: a) Schematic showing a tile shift by 1nt and b) the corresponding change in the 
interhelical angle between the neighbouring helices. 
 
 
 
 
Figure S10: Oligonucleotide sequences used for the construction of DNA tile tubes with 
microscale helical diameters. In n-helix tile tubes, a tile shift of m nucleotides requires 
exchanging m out of n U staples from Figure S1 by m V-staples.   
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Figure S11: Transmission electron microscopy of 13-helix tile tubes with 0 to 6 nt tile shift.  
Tile tubes with 0, 1 and 6 nt shift showed an undulatory shape similar to that observed for the 
tubes from Figure 2. The increase in radius of curvature from 0 and 1 nt (~ 0.5 to 0.7 µm) and the 
anew decrease for 6 nt (~ 0.6 µm) coincides with the observations from Figure 4. Tubes with 2 to 
5 nt tile shift exhibited a more random contour from which it was not possible to determine the 
radius of curvature. Scale bar: 1 µm  
 
 
 
Figure S12: Fluorescence microscopy images of a) 11HT with 1 to 5 nt tile shift. Similarly to the 
tile shifting in the 13HT shown in Figure 3, the 11HT diameter first increased, reached its 
maximum at 4 nt and then decreased again. b) The same behaviour was observed for the 15HT 
for 1 to 7 nt tile shift, however here helical structures were already observed for a 1 nt tile shift. 
Maximum diameters of ~ 1 µm and ~ 2 µm were observed for the 11HT and 15HT at 4nt tile 
shift, respectively. In all three tube types (11HT, 13HT and 15HT) the effect of the Cy3 
modifications on the overall twist of the helical tube seems to be stronger for higher numbers of 
tile shift (= less supertwist), which leads to a more rapid change of the overall twist. We believe 
this phenomenon is related to interactions of the Cy3 dyes with the supertwisted tube geometry. 
For example, different amounts of supertwist can lead to a change in the distance between 
neighboring Cy3 dyes, the geometry of the attachment site and the supertwisted DNA structure 
itself, which might affect the probability of the Cy3 dyes to stack with the DNA double helix and 
therefore alter the strength of the Cy3-induced right-handed twist. Scale bars: 4 µm 
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Figure S13: Fluorescence microscopy images of 3 to 5nt tile shifted 11HT (left), 13HT (middle) 
and 15HT (right) imaged in their higher and lower focal plane. A change in chirality from left- to 
right-handedness was observed for all three tube types. While the right-handed helical shape of 
the 5nt-shifted 11HT is difficult to image due to its small helical diameter, it is pronounced for 
the 5nt-shifted 13HT and the 4nt- and 5nt-shifted 15HT. Note that the transition to right-
handedness already occurred at 4nt for the 15HT, as same amounts of tile-shifting give less left-
handed twist in bigger tubes. Scale bars: 2 µm 
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Magnetic propulsion of microswimmers with DNA-based 
flagellar bundles   
 
Alexander M. Maier, Cornelius Weig, Peter Oswald, Erwin Frey, Peer Fischer & Tim Liedl 
 
 
 
Supplementary Videos: 
 
Supplementary Video 1. The video shows a close-up of the rotation of the swimmer demonstrated in Figure 2a. The 
video frame co-moves with the swimmer, so that the artificial tile-tube bundle swimmer stays in the center. The 
swimmer was actuated at 1Hz.  
 
Supplementary Video 2. The video shows the directed motion of the swimmer from Figure 2b. The driving 
frequency was 1Hz and the rotation was along the horizontal axis. In addition to the forward swimming, a movement 
perpendicular to the rotation axis due to hydrodynamic drag with the close-by surface can be observed. The video is 
threefold accelerated. 
 
Supplementary Video 3. The video shows the structural change of the artificial bundle upon changing the rotation 
frequency. By switching from 3Hz to 1Hz, the initially straight bundle changes to a chiral shape, which then propels 
the swimmer. The video is threefold accelerated. 
 
Supplementary Video 4. The video shows the swimming along a curved path of the swimmer from Figure 2c. By 
gradually changing the rotation axis of the external magnetic field the swimming path can be controlled. The 
swimmer was driven at 1Hz. The video is eightfold accelerated. 
 
Supplementary Video 5. The video shows a swimmer exposed to a rotating magnetic field along the horizontal axis 
that repeatedly switches from clock- to counterclockwise. The swimmer retains its forward motion while moving up 
and down due to a reversed interaction with the surface. The swimmer was driven at 1Hz. The video is threefold 
accelerated. 
  
Supplementary Video 6. The video shows the analytic solution for the shape of a swimmer with decreasing tail 
stiffness. The colour code and the width of the tail indicate the local stiffness. In the front and rear view it becomes 
apparent that the tail has a static chiral structure. 
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Supplementary Note S1: Design and construction of DNA tile-tube - magnetic 
bead hybrids 
 
Design of DNA tile tube structures. DNA tile tubes were constructed according to Yin et al.1. The shape and the 
stiffness of the DNA tile-tubes were controlled by adjusting the number of DNA strands, where n strands form a n-
helix tube, and by changing their respective lengths. Depending on the design, the DNA strands had a length of 42 or 
43 base pairs where each oligonucleotide was partially complementary to two adjacent strands. An even number n of 
strands leads to straight tubes with a stiffness that increases with the 4th power of the tube radius2. The st8HT from 
Figure 1d, for example, has a diameter of ~8 nm, a persistence length of ~8.2 µm, and readily polymerizes to a 
length of several micrometers. Elongating one of the n strands by inserting an additional base pair gives the 
assembled tubes a controlled pre-defined twist and curvature3. For example, the insertion of one base pair per 
structural unit in any double strand of an 8HT results in an overall helical shape (see Figure S1). The resulting helical 
structures (tw8HT) shown in Figure 1e exhibit a pitch and a diameter of sub-micrometer size. Larger diameter 
helices assemble when an odd number of DNA duplexes are used in the DNA tile tubes introducing a so-called 
"supertwist"2. Here the repeating structural unit assembles into a bundle with its neighboring units introducing a 
small relative twist to the DNA duplexes that causes the overall supertwist (as illustrated in Figure 1b). For example, 
the st13HT, shown in Figure 1f with a tube diameter of ~11 nm, shows a helical diameter of about 1 µm. 
 
 
 
Figure S1: Design and simulation of twisted 8-helix tile tube. a) For a defined twist in the 8-helix tube (8HT), one 
extra base pair was added into every repeating segment of one double helix (illustrated by the blue loop). b) A 
cando4 simulation shows the overall twist in the structure. 
Folding and purification of DNA-tile tube structures. Assembly of the tile tube structures was carried out in a 
one-pot reaction with 1 µM of each oligonucleotide in 1x TAE buffer and 12 mM MgCl2. The folding mixture was 
then exposed to a thermal annealing ramp, starting with a heating step to 80°C for 10 min, followed by a stepwise 
cooling from 65°C to 45°C at a cooling rate of 0.5°C / 5 min. (folded tile tube structures are shown in Figure S2-S4). 
After folding, larger tile tube structures were separated from smaller constructs via agarose gel electrophoresis (Fig. 
S3).   
	80	
	! 3!
 
Figure S2: DNA tile tubes. Beside the structures presented in the main text (Fig. 1), DNA tile tubes were 
constructed that consisted of 11 to 20 double helices (11HT-20HT). In addition, we introduced an intrinsic twist 
(11HT+-20HT+) as is shown for the 8HT+ in Figure 1. This shows the great versatility in constructing helical shapes 
and bending stiffnesses easily accomplished by this method. All scale bars: 3 µm  
 
 
Figure S3: Purification of large tile tubes from smaller constructs. a) Fluorescence microscopy image of 
unpurified tile tubes taken directly after folding. The image shows a high background that can be attributed to light 
emitted by nanometer-sized tile tubes and unfolded oligonucleotides. b) In a 0.5% agarose gel, long tile-tube 
structures remain in the gel pocket and can be purified from smaller constructs and excess of single tiles. c) After 
purification of the sample, the background signal is drastically reduced. This separation of larger tile tubes is 
achieved by letting smaller constructs run into the gel, while larger structures remain in the pocket and can be 
pipetted out. Scale bars: 10 µm 
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Figure S4: Structural characterization of purified tile-tubes. Correct folding of a) 8HT, b) tw8HT and c) 13HT 
as revealed by transmission electron microscopy. Scale bars: 1 µm 
 
 
 
 
Magnetic particle - DNA conjugation: 1 µm streptavidin-coated magnetic particles (Sigma Aldrich, Germany) 
were functionalized with biotin-modified DNA strands (MWG Eurofins, Germany) (Table S1) by mixing a high 
excess of DNA (10 µM) with the 1 µm (3 pM) particles in a 0.5x TBE buffer. After incubation for 30 min at room 
temperature, biotin-DNA-modified particles were purified from the excess of biotin-DNA by centrifugating the 
sample for 5 min at 15,871 rcf followed by three additional washing steps at same rotation speed. In each step, the 
supernatant liquid was carefully removed, while keeping the pallet of the magnetic nanoparticles at the bottom of the 
centrifugation tube by a strong permanent magnet. 
 
 
 
 
Table S1: Staple sequences used for coupling DNA tile-tubes to magnetic particles. Biotin-modified sequences 
of oligonucleotides that were used to couple magnetic particles to tile-tube structures via the hybridization of 
complementary DNA strands. Sequences are written from 5´ to 3´. 
 
 
Coupling of DNA tile-tube structures to magnetic beads. For the construction of DNA tile-tube magnetic bead 
hybrids from Figure 1g-i, 1µl of biotin-DNA 1µm particles (~32 pM) were hybridized to 3µl of 8HTs, 8HT+s 
(~26 ng/µl) and 13HTs ((~42 ng/µl), respectively, in a total volume of 100µl 0.5x TBE buffer with 11 mM MgCl2 
and 0.05% Tween 20. The conjugation step took place at room temperature for 30 min. To avoid sedimentation of 
the assembled structures, the samples were put on a rotator at moderate speed. 
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Figure S5: Structural characterization of DNA tile-tube magnetic bead hybrids. Transmission electron 
microscopy images of purified tw8HTs attached to 1µm magnetic beads. Scale bars: 1 µm 
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Supplementary Note S2: Fluorescence microscopy and magnetic actuation 
  
To visualize tile tubes via fluorescence microscopy, three out of n tiles of an n-helix tube were modified with Cy3 
dyes on their 5´ ends as described in Schiffels et al 2 We used a Zeiss Observer Z1 in fluorescence mode with a 100x 
objective, mercury lamp illumination, a Cy3 filter set and an Andor Solis camera (pixel resolution: 6.4 pixels/μm). 
All experiments were carried out at room temperature. 
 
DNA - magnetic bead hybrids were actuated by a water-cooled three-axis Helmholtz coil that was incorporated into 
the microscopy setup. The coil generates a spatially homogeneous time-varying magnetic field, which exerts a torque 
on the magnetic bead. The magnetic actuation was initiated before the sample was placed into the setup to allow for 
an instantaneous bundle formation of the hybrid particles in the absence of a close-by surface. However, observation 
of the hybrid structures was not possible until the structures sank into the focus volume close to the glass surface. 
Initiation of the magnetic actuation after the particles reached the focus, however, did not lead to bundle formation 
due to the close proximity with the (sticky) glass surface (we therefore could not observe the dynamics of bundle 
formation). Similarly, switching the magnetic field off while the swimmers were near the surface led to swimmers 
attaching to the surface, even though the glass surface was previously functionalized with BSA.  
After actuation 10% of the tw8HT and st8HT and 1% of the stw13HT hybrid structures formed a bundle on one side 
of the bead. Next to these well-assembled bundles, a variety of unwanted side products formed (e.g. bundles 
protruding from two sides of a magnetic particle, clusters of magnetic beads, appendages with (multiple) 
bifurcations, particles adhering to the surface) as demonstrated for the tw8HT in Figure S6. Hybrids that formed a 
corkscrew-like bundled tail on one side of the bead started to propel along the rotation axis, whereas particles with 
bundles on two sides did not. Figure S7 shows the speed distribution of tw8HT swimmers driven by an externally 
applied magnetic field with frequencies of 1, 2 and 3 Hz. 
We further compared the bundle structure of tw8HTs and st8HTs after bundle formation. As demonstrated in Figure 
S7, both swimmer types show very similar bundle structures resulting in swimmers of similar speeds. The difference 
in the model parameters - gained from fluorescence intensity measurements - between a tw8HT and a st8HT can be 
smaller than that between two tw8HT swimmers (see Table S2), which is why we cannot determine a qualitative 
difference in the bundle structure of the two swimmer types.  
The speed of stw13HT hybrid structures varied between 0 and 0.56 µm/s, which is similar to the speed of tw8HT 
swimmers. However, our fluorescence data indicates that well-assembled corkscrew-like stw13HT bundles consist of 
fewer tubes (see Figure S9). We speculate that the combination of higher stiffness of the stw13HT (~2.64 times 2 ) 
and fewer tubes in the bundle result in a comparable overall bundle stiffness of tw8HT and stw13HT swimmers, 
which in turn leads to similar swimming speeds.  
Because stw13HT did form with a far lower yield and because we did not observe a difference between tw8HT and 
st8HT bundles, we focused our study on the tw8HT swimmers, which provided us with a sufficiently broad variety 
of bundles of different stiffness for testing our theoretical model.  
 
 
 
 
Figure S6: Unwanted tw8HT shapes that formed during bundle formation. Besides properly formed flagellar 
bundles shown in Figure 2 of the main text, hybrid structures can a) form bundles on two sides of a particle, b) have 
deformed bundles, c) cluster due to magnetic interaction between to or more particles or d) attach to the glass surface 
before bundle formation can occur. All scale bars: 2 µm.  
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Figure S7: Speed of tw8HT DNA-magnetic bead hybrid swimmers. Histogram shows the speed distribution of 
artificial swimmers driven by an externally applied magnetic field with frequencies of 1 Hz (blue), 2 Hz (red) and 
3 Hz (green), respectively.  
 
 
 
 
Figure S8: Comparison of the tw8HT and st8HT bundle structure. Snapshots of a) a st8HT swimmer and of b) 
the tw8HT swimmer #9 from Figure 4. Both swimmers have comparable speeds (0.28 and 0.31 µm/s, respectively) 
and form similar helical shapes. c) A fluorescence intensity analysis of the bundle from a) shows that the amount of 
tubes decreases exponentially as in tw8HT bundles. All model parameters and the predicted swimming speed (shown 
in the inset) agree well with those found for tw8HT swimmers in Table S2. All scale bars: 2 µm.  
 
 
 
 
Figure S9: Bundle formation of stw13HT. Among the stw13HT hybrids with a single bundle on one side of the 
bead, we observed a heterogeneous population of a) proper corkscrew-like and b) arbitrarily shaped structures. c) An 
analysis of the fluorescence intensity along the bundle of the stw13HT swimmer from a) indicates that its bundle 
consists of only approximately five tubes. All scale bars: 2µm. 
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Equations of motion for the tail
Actuated swimmers have been discussed in-depth by Lauga,5 however only for tails with
constant sti↵ness. In the following, we generalize this work to tails with variable sti↵ness.
Because the following line of argument closely resembles the steps in Lauga’s work, we try
to be brief and focus on the di↵erences. As argued in the main text, we model the bundle
of attached tubes as a single inextensible elastic filament with a bending sti↵ness ↵(s) that
changes along the contour of the filament. The elastic energy of the filament with length-
dependent bending modulus is given by
E =
Z L
0
⇣ 
↵(s)@2sr
 2
+
 
 (s)@sr
 2⌘
ds , (1)
where  (s) is a Lagrange multiplier ensuring inextensibility of the filament. We stress that
both ↵(s) and  (s) depend on the position s along the filament. From the energy Eq. 1
the force density due to bending and constraint forces are obtained via variation of the
contour path. In the low-Reynolds number regime where inertia plays no role, this force
needs to balance with the anisotropic friction forces on the filament from the fluid as given
by standard slender body theory,6,7
 
⇠kt⌦ t+ ⇠?(1  t⌦ t)
 
u =  @2s
 
↵(s)@2sr
 
+ @s
 
 (s)@sr
 
. (2)
Here t(s) = @sr(s) is the local tangent to the filament and u(s) = r˙(s) is the local speed of
the filament with respect to the surrounding fluid. Note the di↵erence on the RHS to the
original work of Lauga, where the term @2s
 
↵(s)@2sr
 
is replaced by ↵ @4sr. An equation for
the Lagrange multiplier which ensures the constraint |t2| = 1 is given in an implicit form by
t · @su = 0 . (3)
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These two equations have the boundary conditions
Fext = @s(↵ @
2
sr)   @sr, Text =  t⇥ ↵ @2sr at s = 0, (4a)
Fext =  @s(↵ @2sr) +  @sr, Text = +t⇥ ↵ @2sr at s = L, (4b)
where Fext and Text are externally applied forces and torques on the filament, respectively.
We remark, that a drag force from the bead is also called “external” in this nomenclature.
Small-slope approximation
The compound head-tail object is torqued into a steady rotation by the externally applied
rotating homogeneous magnetic field. The rotation of the head creates a rotating fluid flow
around the head that falls o↵ with 1/r. This is true for both externally and internally
actuated swimmers, though the head of externally actuated swimmers co-rotates with the
tail whereas for internally actuated swimmers it counter-rotates. In both cases however, this
rotational fluid flow is small over the major part of the bundle, so it will be neglected in
what follows.
After the swimmer has reached a stationary shape, the magnetic field rotates the head
about the axis in which it propels himself and the attachment point of the bundle follows a
circular path on the bead surface. We choose this rotation axis as the eˆx direction and the
orthogonal vectors eˆy and eˆz as the local coordinate system that co-rotates with the head
(Fig. S1). As long as the rotations about the y and z axes are small, it is straight-forward to
find this coordinate system. The origin of this coordinate system is placed at the projection
of the attachment point on the rotation axis of the swimmer. Consequently, the origin does
not coincide with the center of the head, but is o↵set by some distance in the range [0, rb]
where rb is the bead radius.
The actuation of the bundle is about the x-axis in this coordinate system. In the following
9
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Scheme S1: Coordinate system of the swimmer. The local coordinate system of the
swimmer is indicated by eˆx and eˆy. The origin of this coordinate system is at the projection
of the attachment point on the x-axis, indicated by O (red dot). The swimmer rotates
around the eˆx axis (blue arrow). The e↵ective swimming direction eˆ1 is slightly o↵ the eˆx
axis, because the eˆx axis precesses with a small opening angle around the eˆ1 axis. The arrows
indicate the direction of the coordinate directions.
we assume small actuations of the bundle about the x-axis, such that s ⇡ x and
r ⇡ x eˆx + y(x, t) eˆy + z(x, t) eˆz , (5)
where y(s, t) and z(s, t) are the small amplitudes along the contour. Equations Eq. 2 and
Eq. 3 written in this coordinate frame become with the definitions   = ⇠?/⇠k and r?(x, t) =
y(x, t) eˆy + z(x, t)eˆz,
⇠kux + (⇠k   ⇠?)(uyy0 + uzz0) =  0 (6a)
uy
 
⇠?   (⇠k   ⇠?)z02
 
+ (⇠k   ⇠?)(ux + uzz0) y0 =  @2x(↵ y00) + @x(  y0) (6b)
uz
 
⇠? + (⇠k   ⇠?)z02
 
+ (⇠k   ⇠?)(ux + uyy0) z0 =  @2x(↵ z00) + @x(  z0) (6c)
↵ ·
⇣ 1
 
  1 r00?r(4)?   r0?r(5)? ⌘    23  + 73 r0?r(4)? ↵0    1  + 2 r0?r(3)? ↵00 + 1  r0?r(3)?   +  00 = 0 .
(6d)
Here and in the following a prime denotes a derivative with respect to x. Note the appearance
of terms with ↵0 and ↵00 in the equation for  .
This set of equations is greatly simplified by an order of magnitude analysis. If r? is of
order ",   must be of order "2 by Eq. 6d. Likewise by (6a-6c) ux is of order "2 and u? of
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order ". Keeping only terms of leading order, Eq. 6 simplify to
⇠kux + (⇠k   ⇠?)(uyy0 + uzz0) =  0 (7a)
⇠?uy + @2x(↵ y
00) = 0 (7b)
⇠?uz + @2x(↵ z
00) = 0 . (7c)
The corresponding small-amplitude approximation of the boundary conditions Eq. 4 for a
bundle of length L are
Fext = @x(↵ @
2
xr?)   eˆx, Text,y =  ↵ @2xz Text,z = ↵ @2xy at s = 0 (8a)
Fext =  @x(↵ @2xr?) +  eˆx, Text,y = ↵ @2xz Text,z =  ↵ @2xy at s = L. (8b)
Natural units
It is convenient to use intrinsic units such that all pre-factors are numbers. The externally
applied magnetic field revolves in the yz-plane with an angular speed ! and periodically
actuates the swimmer, hence time is best measured in multiples of ! 1. Only a single tube
can extend towards the far end of the bundle, therefore ↵(L) must be the sti↵ness of a
single tube. It is a natural unit to sti↵ness in units of the sti↵ness of a single tube, so that
A(x) ⌘ ↵(x)/↵(L) becomes the number of tubes making up the bundle at position x. For
elasto-hydrodynamic equations the intrinsic bending length `! =
 
↵(L)/!⇠?
 1/4
is a natural
unit for the length.8 Forces and torques are measured by ⇠?`! and ⇠?`3!, respectively. In
the following we will only refer to the dimensionless quantities but use the same symbols as
before.
Free swimmer with head
In the preceding sections we developed the equations of motion of the tail in the small
amplitude approximation. The next step is to employ this equation of motion when the tail
11
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is attached to a freely movable bead. The motion of the bead shall be given by the velocity
U(t) and rotation speed ⌦(t). Given the current speed of the bead, the total speed with
respect to the fluid u of any point on the bundle is then a superposition of the velocity and
rotation of the bead coordinate system and the local bundle velocity in the reference frame
of the bead:
ux = Ux + z⌦y   y⌦z uy = Uy + x⌦z   z⌦x + y˙ uz = Uz + y⌦x   x⌦y + z˙ (9)
Because the local coordinate system co-rotates with the head, the tail shape becomes static
in these coordinates and y˙ = z˙ = 0. In the low-Reynolds number regime drag through
motion and rotation must balance with external force and torque,
F˜ext =  
0BBBB@
RFUk 0 0
0 RFU? 0
0 0 RFU?
1CCCCA U˜ T˜ext =  
0BBBB@
RL⌦k 0 0
0 RL⌦? 0
0 0 RL⌦?
1CCCCA ⌦˜ ,
when taken with respect to the center of mass of the bead. When expressed in the shifted
local coordinate system these equations become
Fext =  
0BBBB@
RFUk 0 0
0 RFU? 0
0 0 RFU?
1CCCCA ·U+
0BBBB@
0 0 0
0 0 aRFU?
0  aRFU? 0
1CCCCA ·⌦ (10a)
Text =
0BBBB@
0 0 0
0 0  aRFU?
0 aRFU? 0
1CCCCA ·U 
0BBBB@
RL⌦k 0 0
0 RL⌦? + a2RFU? 0
0 0 RL⌦? + a2RFU?
1CCCCA ·⌦ , (10b)
where a is the o↵set of the origin from the center of the head (see Fig. S1). Because the
external magnetic field is strong enough to ensure a phase-locked rotation of the head, we
take ⌦x =  1 as given. However, for the remaining components, the forces need to balance
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out. Therefore with Eq. 8 we find for the attached end of the tail
RFUk Ux =  (0) (11a)
RFU? Uy   aRFU? ⌦z =  @x(A(x)y00(x, t))|x=0 (11b)
RFU? Uz + aRFU? ⌦y =  @x(A(x)z00(x, t))|x=0 (11c)
aRFU? Uz + (RL⌦? + a2RFU? )⌦y =  A(0)z00(0) (11d)
 aRFU? Uy + (RL⌦? + a2RFU? )⌦z = A(0)y00(0) (11e)
and for the free end at x = L where no external force applies
y00(L) = z00(L) = y(3)(L) = z(3)(L) =  (L) = 0 . (12)
With the driving of the bundle
y(0) = <["1] y0(0) = <["2] (13a)
z(0) = =["1] z0(0) = =["2] (13b)
there are eight boundary conditions (13, 12) for the two fourth order equations for y and z
and two boundary conditions 11a, 12 for the second order equation for  . For each of the
unknowns y, z,  , Ux, Uy, Uz, ⌦y, ⌦z there is a determining function 6, 11b-11e. As long as
the rotation about the y and z axes remains small, we can safely assume that the swimmer
revolves mainly about the x-axis with an angular speed !. We will argue below that this
condition is well met in our experiment.
Rewriting Eq. 7b, 7c in natural units and using Eq. 9 yields
Uy + x⌦z + z + @
2
x(Ay
00) = 0 (14a)
Uz   x⌦y   y + @2x(Az00) = 0 (14b)
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where we have used ⌦x =  1. With the definitions ⇣ = y+ız, U = Uy+ıUz and ⌦ = ⌦y+ı⌦z
these two equations can be combined into one complex equation
U + ıx⌦  ı⇣ + @2x(A ⇣ 00) = 0 (15)
with boundary conditions corresponding to (12, 13)
⇣(0) = "1 ⇣
0(0) = "2 ⇣ 00(L) = 0 ⇣(3)(L) = 0 . (16)
Inversion of the equation system 11b and 11e determines U and ⌦ in terms of x and y:
Uy =  R
L⌦
? + a
2RFU?
RL⌦? RFU?
@x
 
A(x) y00(x, t)
   
x=0
+
aA(0)
RL⌦?
y00(0) (17a)
Uz =  R
L⌦
? + a
2RFU?
RL⌦? RFU?
@x
 
A(x) z00(x, t)
   
x=0
+
aA(0)
RL⌦?
z00(0) (17b)
⌦y =
a
RL⌦?
@x
 
A(x) z00(x, t)
   
x=0
  A(0)RL⌦?
z00(0) (17c)
⌦z =
 a
RL⌦?
@x
 
A(x) y00(x, t)
   
x=0
+
A(0)
RL⌦?
y00(0) (17d)
With the abbreviations
  = A(0)
RL⌦? + a2RFU?
RL⌦? RFU?
  = A(0)
a
RL⌦?
  =  A(0) aRL⌦?
+ A0(0)
RL⌦? + a2RFU?
RL⌦? RFU?
µ =  A(0) 1RL⌦?
+ A0(0)
a
RL⌦?
these relations can be written in a more compact form
U =    ⇣(3)(0) +  ⇣ 00(0)  ⌦ =  ı  ⇣(3)(0) + µ⇣ 00(0)  . (18)
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Using this result in Eq. 15 yields the final form
 ı⇣ + @2x(A ⇣ 00) = (  +  x)⇣(3)(0) + ( + µx)⇣ 00(0) . (19)
The major challenge is to find a solution ⇣ for variable A(x). Lauga has presented an analytic
solution for constant A. For a variable A(x) however, we could only find numerical solutions
to this equation.
Determining the swimming speed
From the bundle shape the swimming speed will be determined in the following. For this
Eqs. 7b, 7c are substituted into Eq. 7a which reads in natural units
ux   (1   )
 
y0@2x(Ay
00) + z0@2x(Az
00)
 
=   0 . (20)
Here   = ⇠?/⇠k is the ratio of the drag coe cient perpendicular and parallel to the bundle.
Using Eq. 11a and Eq. 9, integration along the contour of the bundle yields
( RFUk + L)Ux = ⌦z
Z L
0
y dx  ⌦y
Z L
0
z dx+ (1   )✓
A(0)|r00?(0)|2   r0?(0) ·
⇣
A(0)r(3)? (0) +A
0(0)r00?(0)
⌘
+
Z L
0
A(x) r00?(x) · r(3)? (x)dx
◆
.
(21)
Note that with our choice of coordinates, this relation is time-independent. It is straight-
forward to express this equation in terms of the complex quantities
( RFUk + L)Ux = =

⌦⇤
Z L
0
⇣ dx]
 
+ (1   )
<

A(0)|⇣ 00(0)|2   ⇣ 0(0)⇤
⇣
A(0)⇣(3)(0) +A0(0)⇣ 00(0)
⌘
+
Z L
0
A(x) ⇣ 00(x)⇣(3)(x)⇤dx
 
.
(22)
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Integration along the bundle of Eq. 15 with the boundary conditions (11b, 11c) yields the
relation Z L
0
⇣ dx = ı
 RFU? + L U + ⇣aRFU?   L22 ⌘⌦ , (23)
therefore =[⌦⇤ R L0 ⇣ dx] = (RFU? +L)<[⌦⇤U ]. With the expressions for ⌦ and U from Eq. 18
one finds
<[⌦⇤U ] = A(0)
2
RFU? RL⌦?
=[⇣ 00(0)⇣(3)(0)⇤] . (24)
Collecting the previous results, the final expression for the swimming speed in the local frame
of reference becomes
( RFUk + L)Ux =A(0)2
RFU? + L
RFU? RL⌦?
=[⇣ 00(0)⇣(3)(0)⇤]+
(1   )<

A(0)|⇣ 00(0)|2   ⇣ 0(0)⇤
⇣
A(0)⇣(3)(0) +A0(0)⇣ 00(0)
⌘
+
Z L
0
A(x) ⇣ 00(x)⇣(3)(x)⇤dx
 
.
(25)
Transformation into the lab system
The swimming speed in Eq. 25 refers to a local coordinate system that co-rotates with the
swimmer’s head. Therefore, it must be transformed into the laboratory system. We define
the lab frame along the orthogonal vectors eˆ1, eˆ2, eˆ3, where eˆ1 points along the average
swimming direction. The swimmer revolves at constant angular velocity {⌦x =  1, ⌦y, ⌦z}
about its local axes. Hence, in the lab system the local coordinate vectors change according
to
d
dt
exyz =
0BBBB@
0  ⌦z ⌦y
⌦z 0  1
 ⌦y 1 0
1CCCCA · exyz . (26)
The analytical solution of this rotation is given through the matrix exponential <[exp(M t)] ·
exyz where M is the above rotation matrix. Dropping all terms of second order in ⌦ one
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finds
eˆx = eˆ1  <[⌦(1  eıt)] eˆ2  =[⌦(1  eıt)] eˆ3 (27a)
eˆy =  <[⌦(1  e ıt)] eˆ1 + cos t eˆ2 + sin t eˆ3 (27b)
eˆx =  =[⌦(1  e ıt)] eˆ1   sin t eˆ2 + cos t eˆ3 (27c)
which is exact up to order |⌦|2. The total swimming velocity of the head is given by
U = Uxeˆx + Uyeˆy + Uzeˆz of which we are only interested in the eˆ1 component. Hence,
U1 = Ux  <[⌦(1  e ıt)]Uy  =[⌦(1  e ıt)]Uz . (28)
In contrast to the velocity in co-rotating coordinates, this expression depends on time due
to the oscillating motion of the bead. However, the time-dependent terms average out over
one period, such that
hU1i = Ux  <[⌦⇤U ] . (29)
With the previous results from (24,25) this yields the swimming speed in the lab system
hU1i = 1
 RFUk + L
 
A(0)2
RFU?    RFUk
RFU? RL⌦?
=[⇣ 00(0)⇣(3)(0)⇤]+
(1   )<

A(0)|⇣ 00(0)|2   ⇣ 0(0)⇤
⇣
A(0)⇣(3)(0) +A0(0)⇣ 00(0)
⌘
+
Z L
0
A(x) ⇣ 00(x)⇣(3)(x)⇤dx
 !
.
(30)
Because the experimentally implemented swimmer has a spherical head for which RFU? =
RFUk and RL⌦? = RL⌦k , this expression simplifies further to
hU1i = 1   
 RFU + L
 
A(0)2
RL⌦ =[⇣
00(0)⇣(3)(0)⇤]+
<

A(0)|⇣ 00(0)|2   ⇣ 0(0)⇤
⇣
A(0)⇣(3)(0) +A0(0)⇣ 00(0)
⌘
+
Z L
0
A(x) ⇣ 00(x)⇣(3)(x)⇤dx
 !
.
(31)
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For A = const this result is consistent with the one from the work of Lauga. The conversion
of this result into physical coordinates is accomplished by multiplying the result with `! ·2⇡f
where f is the rotation frequency of the external magnetic field. The extra factor of 2⇡
is necessary because the natural unit of time is given by angular frequency ! 1 and not
frequency f 1.
The applicability of this result depends on the solvability of Eq. 19. When fixed to a
solid wall where the RHS of Eq. 19 becomes zero, an analytic solution for ⇣ can be found.
For a free swimmer however, the inhomogeneous equation has to be solved which we could
only achieve numerically. We did this with Mathematica where in a first step the equation
was solved numerically with ⇣ 00(0) and ⇣(3)(0) on the RHS as parameters. In a second step
we matched these intermediate parameters to the actual derivative of the numerical solution
through a root-finding algorithm. The integrated residual of the so-obtained solution was of
the order 10 6 per unit length and therefore negligibly small.
Sti↵ness model and parameter estimation
Our model depends on several parameters which we group in global and individual ones. The
global parameters are well controlled and need no discussion. These are the fluid viscosity
(⌘ ⇡ 1mPa s at 20 C), the persistence length of one fibre (8.2µm,2), the frequency at which
the magnetic field was rotated (f = 1–3Hz) and the head diameter (1µm). We note that
the head appears visually enlarged on the video material by its high brightness, but this is
misleading. Electron-microscopy of the same batch of beads revealed that their diameter
was well within specification.
The individual parameters varied for di↵erent swimmers, so they had to be determined
for each swimmer instance. These are the bundle length, the number of tubes in the bundle,
the amplitude parameters "1 and "2 and their respective phase. The bundle length could be
determined from snapshots of the swimmer by integrating the contour length of the bundle.
Typical values of the bundle length range from 4.8–8.0µm (Tab. S2), which is consistent
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with TEM measurements.
Figure S10: Fluorescence intensity of DNA tile-tube bundles. The data show the
fluorescence intensity profiles of the bundles of ten di↵erent swimmers from Figure 4 (blue,
with standard error). Data was gained by averaging over several movie frames to rule out
possible errors due to a change in the fluorescence distribution along the particle during a
rotation. These data were fit with an exponential (dashed red) in order to determine the
decay length   of the attached tails (for numerical values see Table S2).
Beside length, a sti↵ness model A(x) has to be chosen. Because each tube of the tail
results from a linear polymerization process, we expect an exponential distribution of tube
lengths.9 Yin1 found an exponential length distribution in the length of unbound DNA
tubes. To verify this length distribution, we measured the fluorescence intensity along the
contour of the bundle which we expect to be proportional to the number of tubes. Figure 3a
shows the expected exponential drop in fluorescence intensity, therefore we assumed that
the number of tubes in the bundle scales as N0e s/ . Without cross-links the sti↵ness scales
linearly with the number of tubes in the tail,10–12 therefore we take A(x) = N0e x/  as
the sti↵ness model. The parameters N0 and   could be estimated by an exponential fit
of the fluorescence intensity, if we assume that one single tube extends to the far end (see
Fig. fig:decay-lengths). Typical numbers of attached tubes N0 range from 7 to 25, which is
consistent with TEM pictures of the hybrids. We note, that the increased swimming speed
is a generic feature of decreasing tail sti↵ness and is also found for other sti↵ness decay
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functions. In particular, our model also applies if the sti↵ness scales di↵erently with the
number of filaments, e.g. ↵(x) / na, because this only amounts to a change of the decay
length ↵(x) / ex/( /a). Additional cross-links among the filaments increase a,10–12 so that
the e↵ects from a thinning bundle become even stronger.
The amplitude parameters "1 and "2 have a major impact on the swimming speed. This
can be seen in the formula for the swimming speed Eq. 30, where ⇣ enters quadratically in
each term. Because the tail amplitude ⇣ depends as a rule of thumb linearly on both "1 and
"2, the swimming speed reacts quadratically on their values. Consequently, these parameters
must be determined carefully, which is challenging due to the small size of the swimmers.
For that, we took snapshots of the video sequence where the tail was maximally deflected.
This allowed to measure the amplitude of the attachment point, "1, in fractions of the bead
radius and we found values ranging from 0.1–1.0. Likewise, the opening angle ✓ between
tail and swimming direction was measured for which we found values ranging from 20–40
degrees. This opening angle ✓ determines "2 via "2 = tan ✓. The relative phase of "1 and
"2 corresponds to the torsion of the tail close to the head. Without loss of generality we
take "2 as real. From our data it was not possible to reliably determine the phase di↵erence,
therefore it had to be estimated. Because the tail is pulled through the fluid, it feels a
drag directed against its current direction of movement and bends accordingly. This induced
bending corresponds to a phase shift of  ⇡/2 which we take as an estimate for the phase
shift. We note that the phase shift has only a minor impact on the swimming speed of about
5%.
Finally the friction coe cients of tail and bead need to be estimated. For the tail, the
friction coe cient can be calculated via slender-body theory,6,7 where we assumed an aspect
ratio of 200 for the tail bundle resulting in   ⇡ 1.6. The Stokes friction coe cients of a solid
sphere are given by
RFU? = RFUk = 6⇡⌘ rb RL⌦? = RL⌦k = 8⇡⌘ r3b , (32)
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where ⌘ is the fluid viscosity and rb the head radius. In the experiment, translational motion
is free, so that RFU is a reasonable value for the translational friction. On the other hand,
the bead rotation is not free, because the external magnetic field aligns the magnetic moment
of the bead with its direction. As a consequence, a torque on the bead works against the
magnetic field and therefore has a much smaller e↵ect. To emulate this suppressed rotation,
we scaled the rotational friction coe cient by a large factor (500). Because the resulting
values of the swimming speed di↵er by only 20% in the range [200,1], the error inflicted by
this arbitrariness is small.
Table S2: Model parameters and swimming speeds for the swimmers from Figure 4
swimmer #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
length [µm] 6.2 7.8 6.8 6.5 6.3 8.0 6.5 6.0 4.8 7.0
  [µm] 2.60 3.08 3.54 3.28 2.43 3.55 3.67 3.88 3.36 7.27
frequency [Hz] 1 1 1 2 1 1 1 2 2 1
"1/e ı⇡/2 [rb] 0.9 1. 0.9 0.25 0.5 0.1 0.9 0.5 0.9 0.8
arctan("2) [deg] 21 20 20 26 26 30 28 23 30 42
measured speed [µm/s] 0.12 0.12 0.17 0.19 0.20 0.22 0.25 0.27 0.31 0.42
predicted speed [µm/s] 0.16 0.14 0.12 0.18 0.20 0.15 0.19 0.16 0.36 0.29
Table S2 shows the model parameters and predicted swimming speeds for ten swimmers
from the experiment corresponding to Figure 4. Typically, we measured swimming speeds
around 0.2µm/s, and our predicted swimming speeds were o↵ by less than 40%. This agree-
ment is completely satisfactory, considering that some parameters could only be estimated
and that this calculation was done in the approximation of small amplitudes.
A great advantage of the theoretical model is that di↵erent sti↵ness profiles can be easily
compared. In particular, the swimming speed of constant sti↵ness versus variable sti↵ness
can be compared as shown in Figure 3c. It is remarkable, that the swimming speed for
variable sti↵ness outperforms a bundle of equal length tubes for all parameters shown. This
behaviour is valid over the entire parameter range we looked at and is no coincidence of a
particular parameter choice but a general feature of thinning bundles of passive flagella.
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Figure	 C1:	 Transmission	 electron	 microscopy	 images	 of	 (a)	 6-helix	 and	 (b)	 7-helix	 tile	
tubes	 constructed	with	 negative	 angles	 between	neighbouring	 helices	 in	 the	 tube	 design	
(see	schematic	in	figure	2.9e	of	chapter	2).	(c)	Tile	sequences	used	for	the	formation	of	the	
negative	angle	6-helix	(U1-Cy3,	X2,	X3,	X4,	X5	and	XT6)	and	7-helix	(U1-Cy3,	X2,	X3,	X4,	X5,	
X6	and	XT7)	tile	tube.	Scale	bars:	500	nm		 	
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Design	and	construction	of	DNA	origami	-	magnetic	bead	hybrids	
	
Design	 of	 DNA	 origami	 structures.	 All	 three	 DNA	 origami	 structures	 from	 Figure	1	(6HB,	 14HC	 and	 3LS)	were	 designed	 using	 caDNAno	[67]	 software.	 DNA	 staples	were	ordered	 from	 MWG	 (Eurofins,	 Germany).	 The	 scaffolds	 are	 based	 on	 the	 M13mp18	plasmid	and	were	produced	in	the	lab.	The	original	DNA	origami	designs	were	modified	to	allow	coupling	to	magnetic	particles	and	multimerization	of	the	single	structures	via	hybridization	of	complementary	DNA	strands.	Therefore,	we	changed	the	staples	of	the	left	 and	 right	 outer	 end	 of	 each	 structure	 with	 a	 new	 set	 of	 "sticky	 end"	 staples,	respectively	(design	details	and	DNA	sequences	are	given	in	Figure	S1-S3	and	Table	S1).	Best	results	for	the	multimerization	process	were	found	at	35	°C	in	a	1xTBE	buffer	with	12	mM	 MgCl2	 /500	mM	 NaCl	 and	 a	 10	 time	 excess	 of	 sticky	 end	 staples	 over	 DNA	origami	 structures	 (30	nM).	 Saturation	 in	 the	 growth	 of	 the	multimers	 occurred	 after	~	5	hrs.	
Folding	and	purification	of	DNA	origami	 structures.	 	Assembly	of	the	DNA	origami	structures	was	 carried	 out	 in	 1xTE	 buffer	 and	 14	mM	 (for	 6-helix	 bundle),	 or	 16	mM	MgCl2	 (for	 14-helix	 corkscrew	 and	 3-layer	 sheet).	 A	 10-fold	 excess	 of	 staple	 strands	(100	nM)	was	mixed	with	scaffold	p7560	(for	6-helix	bundle),	p8064	(for	3-layer	sheet),	or	p8364	(for	14-helix	corkscrew)	(10	nM),	respectively.	The	folding	mixture	was	then	exposed	to	a	 thermal	annealing	ramp,	starting	with	a	heating	step	to	65	°C	 for	15	min,	followed	 by	 a	 stepwise	 cooling	 to	 59	°C	 at	 a	 cooling	 rate	 of	 1	°C/5	min,	 to	 36	°C	 at	 a	cooling	rate	of	1	°C/30	min,	and	to	25	°C	at	a	cooling	rate	of	1	°C/5	min.	The	folded	DNA	origami	 structures	 were	 purified	 from	 excess	 staples	 by	 0.7	%	 agarose	 gel	electrophoresis	in	a	buffer	of	0.5x	TBE	and	11mM	MgCl2.	After	approximately	2	hours	at	70V	 and	 ethidium	 bromide	 staining,	 the	 favoured	 bands	 containing	 the	 origami	structures	 were	 cut	 out	 under	 UV-light	 and	 extracted	 via	 Freeze	 `N	 Squeeze	 spin	columns	(BioRad,	Germany).		
Magnetic	 nanoparticle	 -	 DNA	 conjugation.	 1	µm	 streptavidin-coated	 magnetic	particles	(Sigma	Aldrich,	Germany)	and	30	nm	SPP	nanoparticles	(Ocean	Nanotech,	USA)	were	 functionalized	with	biotin-modified	15T-DNA	strands	(MWG	Eurofins,	Germany).	The	 30	nm	 SPP	 particles	 with	 carboxyl	 surface	 (COOH)	 were	 first	 covered	 with	neutravidin	 (Thermo	 Fischer	 Scientific,	 USA)	 by	 standard	 EDC/NHS	 crosslinking	 (ICK	conjugation	kit	 from	ocean	nanotech).	The	neutravidin-coated	SPP	particles	as	well	 as	the	1	µm	streptavidin-coated	particles	were	 then	conjugated	 to	single-stranded	biotin-modified	DNA	by	mixing	a	high	excess	of	DNA	(10	µM)	with	the	30	nm	(30	nM)	and	1	µm	(3	pM)	 particles	 in	 a	 0.5x	 TBE	 buffer,	 separately.	 After	 incubation	 for	 30min	 at	 room	temperature,	 biotin-DNA-modified	 particles	 were	 purified	 from	 the	 excess	 of	neutravidin	 and	 biotin-DNA	 by	 centrifugation	 of	 the	 sample	 for	 5	min	 at	 13,000	rpm	followed	 by	 another	 three	 times	 washing	 steps	 at	 same	 speed.	 For	 each	 step,	 the	supernatant	 liquid	 was	 carefully	 removed,	 while	 keeping	 the	 pallet	 of	 the	 magnetic	nanoparticles	at	the	bottom	of	the	centrifugation	tube	by	a	strong	permanent	magnet.		
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Coupling	 of	 DNA	 origami	 structures	 to	 magnetic	 beads.	 For	 the	 construction	 of	nanometer-sized	DNA	origami	magnetic	bead	hybrids	from	Figure	1d-g,	the	biotin-DNA	modified	SPP	particles	were	hybridized	to	6HBs	and	14HCs.	The	conjugation	step	took	place	at	room	temperature	overnight	in	a	0.5x	TBE	buffer	with	11	mM	MgCl2	and	0.05	%	Tween.	 Micrometer-sized	 hybrids	 from	 Figure	1h-i	 were	 constructed	 by	 hybridizing	biotin-DNA	modified	1	µm	particles	to	an	excess	of	multimerized	3LSs.	
	
Figure	 D1:	 CaDNAno	 image	 of	 the	 6-helix	 bundle.	 (a)	 The	 schematic	 picture	 shows	 the	
scaffold	path	 (orange)	and	 the	 staple	oligonucleotides	 (grey)	of	 the	unmodified	6HB.	 (b)	
Cross-section	 of	 the	 6HB.	 Modified	 versions	 of	 the	 6HB	 outer	 left	 and	 right	 end	 (c)	 for	
coupling	to	magnetic	particles	(green)	and	(d)	for	multimerization	(blue).		
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Figure	D2:	CaDNAno	image	of	the	14-helix	corkscrew.	(a)	The	schematic	picture	shows	the	
scaffold	 path	 (blue)	 and	 the	 staple	 oligonucleotides	 (grey)	 of	 the	 unmodified	 14HC.	 (b)	
Cross-section	of	 the	14HC.	Modified	 versions	of	 the	14HC	outer	 left	and	 right	 end	 (c)	 for	
coupling	to	magnetic	particles	(green)	(d)	and	for	multimerization	(violet).		
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Figure	 D3:	 CaDNAno	 image	 of	 the	 twisted	 3LS.	 	 (a)	 The	 schematic	 picture	 shows	 the	
scaffold	path	(blue)	and	the	staple	oligonucleotides	(grey)	of	the	unmodified	3LS.	(b)	Cross-
section	of	the	3LS.	Modified	versions	of	the	3LS	outer	left	and	right	end	(c)	for	coupling	to	
magnetic	particles	(green)	and	(d)	for	multimerization	(violet).		
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Table	 D1:	 Staple	 sequences	 for	 coupling	 and	 multimerization.	 Sequences	 of	 the	
oligonucleotides	used	for	coupling	to	magnetic	particles	and	for	multimerization	of	the	(a)	
6HB,	(b)	14HC,	and	(c)	3LS.			 	
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Figure	D4:	Additional	TEM	images	of	30	nm	magnetic	nanoparticles	 functionalized	with	
multiple	 a)	 6-helix	 bundles	 (6HB)	 and	 b)	 14-helix	 corkscrews	 (14HC).	 We	 observed	 as	
much	as	six	6HBs	and	eight	14HCs	attached	to	a	single	nanoparticle.					
	
	
Figure	D5:	(a)	Images	of	multimerized	three-layer	sheets	(3LS)	attached	to	fragments	of	
1	µm	magnetic	 particles	 as	 observed	on	TEM	grids	 containing	 the	hybrid	 structures.	We	
believe	 that	 the	 attached	 artificial	 filaments	 exert	 sufficient	 force	 on	 the	 magnetic	
particle’s	 polymer	 shell	 to	 rip	 the	 particle	 into	 smaller	 pieces.	 (b)	 Destroyed	 structures	
found	all	over	the	TEM	grid	closely	resemble	(c)	the	structures	found	in	a	control	sample,	
where	we	intentionally	destroyed	the	magnetic	particles	by	freezing	them	to	-20	°C.	Scale	
bars:	200	nm	
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Figure	D6:	Fluorescence	microscopy	image	showing	a	mixture	of	1	µm	magnetic	particles	
functionalized	with	(brighter	particles)	and	without	(dimmer	particle)	single	Cy3-modified	
DNA	origami.	The	functionalized	particles	had	an	increased	fluorescence	intensity	and	an	
increased	size	compared	to	the	non-functionalized	particles.				
Fluorescence	 microscopy	 and	 magnetic	 actuation.	 Before	 imaging,	 the	 hybrid	structures	were	diluted	into	a	12	mM	MgCl2	1x	TE	buffer	with	0.05	%	of	the	surfactant	Tween	20	 to	 prevent	 the	 particles	 from	 adhering	 to	 the	 glass	 surface.	 A	 second	 glass	slide	 was	 put	 on	 top	 of	 the	 sample	 and	 the	 glass	 slides	 sealed	 with	 glue	 in	 order	 to	reduce	evaporation	and	an	associated	drift	in	the	liquid.	Images	of	the	hybrid	structures	were	 taken	 by	 a	 Zeiss	 Observer	 Z1	 microscope	 in	 fluorescence	 mode	 with	 a	 100x	objective,	mercury	lamp	illumination	and	a	Cy3	filter	set.	The	microscope	was	connected	to	an	Andor	Solis	camera	with	pixel	resolution	of	6,4	pixels/µm.	For	the	actuation	of	the	hybrid	 structures	 we	 incorporated	 a	 water-cooled	 three-axis	 Helmholtz	 coil	 into	 the	microscopy	 setup,	 which	 generated	 a	 spatially	 homogeneous	 time-varying	 magnetic	field.	All	experiments	were	carried	out	at	room	temperature.				
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Figure	E1:	CaDNAno	image	of	the	twisted	24HB.	The	schematic	picture	shows	the	scaffold	
path	(blue)	and	the	staple	oligonucleotides	of	the	twisted	24-helix	bundle.	Staples	coloured	
in	grey	are	designed	to	connect	24HBs	with	each	other,	which	leads	to	a	multimerization	
process	of	the	structures.			 	
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Figure	 E2:	Coupling	of	 the	 twisted	24HB	 to	1µm	magnetic	particles.	TEM	 images	of	 (a)	
clusters	 and	 (b)	 single	 multimers	 build	 up	 from	 several	 twisted	 24HBs.	 The	 artificial	
filaments	showed	the	designed	curvature,	but	also	exhibited	many	unwanted	nicks.	(c)	Only	
few	 1µm	 particles	 with	 attached	 multimers	 could	 be	 found,	 while	 (d)	 many	 destroyed	
structures	and	free	multimers	were	found.		
	
	
Figure	E3:	Purification	of	the	6HB	from	excess	neutravidin.	(a)	TEM	image	of	a	6HB	(with	
29	 DNA	 overhangs	 throughout	 the	 structure)	 after	 agarose	 gel	 purification.	 Free	
neutravidin	was	visible	as	“white	spots”	in	the	vicinity	of	the	structure.	We	believe	that	the	
neutravidin	 unspecificially	 bound	 to	 the	 single	 stranded	 DNA	 overhangs	 on	 the	 origami	
during	gel	electrophoresis	and	 therefore	could	not	be	 separated.	 (b)	Addition	of	500	mM	
NaCl	during	gel	electrophoresis	reduced	the	amount	of	unbound	neutravidin	but	resulted	
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in	an	increased	cluster	formation	of	the	neutravidin	at	the	binding	site	of	the	origami.	(c)	
PEG	 purification	 as	 an	 alternative	 for	 agarose	 gel	 purification	 led	 to	 an	 even	 higher	
amount	of	unbound	and	clustered	neutravidin	in	the	sample.	 	
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